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SUIIMABy 


An  analysis  has  bean  Bade  of  Bsasursaents  In  various  wind  tunnels  of 
AQARO  Calibration  Models  A,  B,  C,  D  and  B.  The  analysis  has  shown 
ooBslderable  scatter  of  results,  particularly  at  transonic  speeda,  on 
Models  B  and  C.  When  transition  is  fixed  on  the  aodsls,  seatter  is 
reduced  and,  where  possible,  reference  curves  are  given  to  enable 
coaparison  to  be  aade  with  any  future  tests. 
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GENERAL  INTRODUCTION 


The  need  for  eoiperlson  of  different  wind  tunnel  facilities  was  recognized  as 
early  as  the  nineteen  twenties  when  the  sane  airship  nodel  was  tested  in  nany  of  the 
wind  tunnels  in  the  world.  This  international  prograawM  was  successful  in  high* 
lighting  sons  differences  between  these  wind  tunnels  and  reducing  the  uncertainty  of 
conparison  of  results  fron  different  sources.  Since  In  the  period  1940-1950  a  large 
nuaber  of  new  tunnels  and  new  types  of  tunnels  were  built,  a  siwilar  programs  of 
cowparative  tests  was  suggested  in  1952  by  the  Wind  Tunnel  and  Model  Testing  Panel  of 
AOARD,  meeting  in  Rom,  Italy.  It  was  thought  that  nodels  suitable  for  testing  in 
supersonic  tunnels  would  be  particularly  useful  to  deteraine  the  degree  of  variation 
in  test  results  between  the  different  tunnels  and  would  enable  the  effects  of  changes 
in  Reynolds  nuaber,  turbulence,  nodel  size  and  nodel  tolerances  to  be  investigated. 

Two  nodels  were  selected  at  the  1952  Meting.  AOARD  Calibration  Model  A  is  a  body 
of  revolution  designed  by  N.A.S.A.  and  designated  by  then  as  RM  10.  This  nodel  had 
already  been  tested  extensively  in  the  U.S.A.  and  its  drag  characteristics  were  shown 
to  be  sensitive  to  boundary  layer  transition  and  the  nodel  was  thus  useful  for  con- 
parlsons  based  on  drag  results.  It  was  intended  that  the  nodel  should  be  tested  with 
and  without  stabilizing  fins  so  that  wind  tunnel  results  could  be  conpared  with  frM- 
fllght  tests. 

AOARD  Model  B  is  a  configuration  consisting  of  a  delta  wing  nounted  on  a 
cylindrical  body  of  revolution.  The  wing  has  a  4ft  thickness/chord  ratio  bl-convez 
seeticn  and  the  planfom  is  an  equilateral  triangle.  This  nodel  was  Mlected  as 
being  suitable  for  the  noMurenent  of  overall  forces,  particularly  in  supersonic 
tumels. 

At  the  Panel  Meting  in  Paris  in  1954,  it  was  agreed  to  add  a  third  calibration 
nodel  •  AOARD  C.  This  nodel  is  identical  to  Model  B  except  that  the  body  is  extended 
aft  and  a  fin  with  a  T-tail  nounted  on  the  top  added.  It  was  hoped  that  the  addition 
of  a  horizontal  tall  surface  would  nske  it  emier  to  detect  reflected  shook  waves, 
since  them  would  alter  the  pitching  noMot  due  to  the  tailplam.  It  was  therefore 
thought  that  this  nodel  would  be  nont  suitable  for  tests  in  the  transonic  vend 
range. 


AOARD  Calibration  Model  D  was  agreed  upon  at  the  Panel  aeeting  in  Ottawa,  Osnada, 
in  1955.  This  nodel  is  an  elemntary  wing  alone  designed  to  check  ooaparative 
derivative  neasuramnts  in  low  speed  tunnels.  It  was  thought  that  this  nodel  would 
provide  a  asans  of  cheeking  the  different  types  of  testing  aethods  and  MChaniSH 
used  in  dynsnic  stability  neasuremnts.  A  sinilar  nodel  for  dynaale  stability  tests 
in  supemonlc  tunnels  consisting  of  a  thin  delta  with  sharp  leading  and  trailing  edge 
was  agreed  later  as  AO/MtD  Model  P. 

In  view  of  the  recent  rapid  developnent  of  various  foras  of  testing  in  the  hyper¬ 
sonic  speed  range,  it  was  suggested  that  a  hanisphere  ^uld  be  designated  as  AOARD 
Calibration  Model  B  for  testing  in  such  fhcilities.  Memurenents  of  pressure 
distributions,  stagnation  teaperature,  heat  transfer  and  noneal  Mrodynaaic 
coefficients  should  be  conpared. 


In  this  AGARDograph,  the  results  on  the  various  models  have  been  collected  and 
analysed.  A  large  number  of  tests  have  been  done  on  Models  A,  B  and  C  and  a  few 
tests  on  Models  D  and  E.  No  tests  have  yet  been  reported  on  ACMRD  Model  P.  Detailed 
conclusions  have  been  included  in  each  section,  but  it  is  worthirtille  summarlmlng  the 
main  points  here. 

The  tests  oa  Model  B  in  the  supersonic  tunnels  show  on  the  whole  reasonable  agree¬ 
ment.  The  scatter  of  results  obtained  on  Models  B  and  C  in  various  transonic 
facilities  is  larger  than  might  have  been  hoped  and  is  more  than  the  figures  which 
have  been  quoted  for  experimental  accuracy.  In  a  few  cases  the  scatter  may  be  due 
to  inaccuracies  in  measuring  techniques,  but  the  major  differences  are  probably  due 
to  changes  in  the  state  of  the  boundary  layer.  It  was  realized  soon  after  the  cali¬ 
bration  models  were  specified  that  consistent  results  would  only  be  obtained  if 
transition  was  fixed  near  the  leading  edge  of  the  wings  and  the  nose  of  the  body. 

Many  of  the  tests  have,  however,  been  made  with  transition  not  fixed  and  these 
results,  as  mlEht  be  expected,  show  the  most  scatter,  not  only  of  drag  and  base 
pressure  but  also  of  lift  and  pitching  moments.  Results  with  transition  fixed  are  in 
general  more  consistent,  but  are  still  not  as  good  as  might  be  expected.  Where 
possible,  reference  curves  have  been  given  in  this  report  for  the  transition-fixed 
condition  so  that  a  comparison  with  any  individual  set  of  results  can  be  made. 

The  teats  have  shown  the  importance  of  cheeking  flow  inclination  and  flow 
curvature  in  all  parts  of  the  working  section  of  a  wind  tunnel.  Lift  and  pitching 
moment  were  not  always  zero  on  the  symmetrical  Model  B  at  zero  incidence.  Model  C 
showed  even  larger  discrepancies  because  changes  in  the  flow  over  the  base  of  the 
body  caused  changes  in  the  flow  angle  over  the  tailplane.  adding  to  any  similar 
changes  in  flow  angle  at  the  tailplane  due  to  the  tunnel  flow  inclination. 

The  transonic  tests  on  Models  B  and  C  have  not  shown  any  consistent  effects  near 
Mach  number  1.0  of  interference  from  the  walls  of  the  tunnels  and  it  has  not  been 
possible  to  examine  the  comparative  merits,  for  example,  of  slotted  and  perforated 
walls.  It  is  evident  that  a  different  type  of  model  is  required  for  a  test  of  this 
nature. 

Only  four  tests  have  been  reported  cm  dynamic  stability  models  at  low  speeds  and 
few  conclusions  can  be  drawn.  The  two  models  proposed  for  this  type  of  test  should 
prove  valuable  in  the  future  in  checking  the  efficiency  of  various  types  of  rigs 
which  are  being  developed  for  dynamic  stability  measurements. 

Hypersonic  test  facilities  are  now  coning  into  operation  fairly  rapidly  but  there 
are  not  sufficient  tests  on  hemispheres  available  yet  to  provide  very  much  comparative 
data.  The  review  which  has  been  made  here  can  only  be  regarded  as  a  preliminary  one 
and  many  more  results  should  be  forthcoming  in  the  next  year  or  so. 


R.  Hills 


November  1961 
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TESTS  ON  A6ARD  MODEL  A 
by 

R.  Kills 
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SUiNARY 


An  tnalysln  has  been  aade  of  various  wind  tunnel,  flight  and  range 
■easureaents  on  a  slender  body  of  revolution.  The  tests  covered  a 
range  of  Reynolds  nuabers  froa  1  x  10*  to  140  x  10*  and  Mach  nuabers 
froa  0.85  to  6.9.  With  transition  fixed  near  the  nose  of  the  body,  the 
aeasursaents  of  drag  in  the  various  facilities  show  reasonable  agree* 
aent  but,  with  a  aaooth  aodel,  there  are  wide  variations  due  to 
differing  transitlco  positions. 


2 


CONTENTS 


Page 

SUMMARY  2 

LIST  OF  TABLES  4 

LIST  OF  FIGURES  4 

NOTATION  6 

1.  INTRODUCTION  7 

2.  RANGE  OF  TESTS  7 

3.  MODELS  AND  MEASUREMENTS  7 

4.  RESULTS  AND  DISCUSSION  8 

4. 1  Model  tithoat  Fins  8 

4. 2  Base  Presaure  Drag  8 

4. 3  Forebody  Drag  10 

4. 4  Forebody  Preaaure  Drag  10 

4.5  Skia  Frictioa  10 

4.6  Drag  eith  Fiaa  11 

4.7  Light  aad  Pitchiag  Moaeat  12 

5.  CONCLUSIONS  13 

REFERENCES  13 

TABLES  IS 

FIGURES  18 


/ 


I 


LIST  OP  TABLES 

Page 

Table  I 

Detalla  of  Modela 

16 

Table  II 

Mlacellaneoua  Meaaureaents  of  the  Drag  of  AOMRD  Model  A 
with  Fine 

17 

LIST  OF  FIGURES 

A 

Fig.l 

w 

General  configuration  of  AGARD  Model  A 

18 

Fig.  2 

AGARD  Model  A.  Conparlson  of  neasured  total  drag  coefficients 

19 

Fig.  3 (a) 

Variation  of  critical  sting  length  with  Reynolds  nuaber 
(Fig. 6  of  Ref. 27) 

20 

Fig.  3(b) 

Base-pressure  coefficients  as  a  funetlcn  of  sting  disaster 
(Fig.  7  of  Ref.  27) 

21 

Flg.3(c) 

Variation  of  base-pressure  coefficients  with  Reynolds  nuaber 
(Flg.n  of  Ref.  27) 

22 

Fig.  4 

AGARD  Model  A.  Variation  of  base  pressure  with  Mach  nuaber 
for  three  Reynolds  nuabers 

23 

Fig.  5 

AGARD  Model  A.  Vhrlatlon  of  forebody  drag  with  Reynolds 
nuaber  (Ref. 4) 

24 

Fig.  6(a) 

AGARD  Model  A.  Variation  of  forebody  drag  with  Mach  nuaber 
at  two  Reynolds  nuabers 

28 

Fig. 6(b) 

AGARD  Model  A.  Vhrlatlon  of  forebody  drag  with  Mach  nuaber 
at  R  =  4  X  10* 

26 

Fig.  7 

AGARD  Model  A.  Forebody  pressures.  Ccaparison  of  estlaates 
and  experlaents 

27 

Fig. 8(a) 

AGARD  Model  A.  Friction  drag  against  Reynolds  nuaber 
at  M  =  1.6 

28 

Fig. 8(b) 

AGARD  Model  A.  Friction  drag  against  Reynolds  nuaber. 

M  =  2.0  and  2.8 

29 

Fig. 8(e) 

AGARD  Model  A.  Friction  drag  against  Reynolds  nuaber. 

M  =  3.0  to  7.0 

30 

4 


» 


Page 


Pig.  9 

AdARD  Model  A  vith  fins.  Variation  of  drag  with  transition 
location 

31 

Pig.  10(a) 

AOARO  Model  A. 

Variaticm  of  lift  slope  with  Mach  nuaber 

32 

Pig.  10(b) 

AOARD  Model  A. 
nuaber 

Variation  of  centre  of  pressure  with  Mach 

33 

Pig. 11 

AGARO  Model  A  with  fins.  Variation  of  lift  slope  and  centre 
of  pressure 

34 

NOTATION 


A  body  frontal  area 

A|,  body  base  area 

Cq^  base  drag  coefficient,  =  -  (Aj^/A)  Cp^ 

Cqp  forebody  drag  coefficient,  =  •  Cqi^ 

Cpf  forebody  friction  drag  coefficient.  =  Cpp  -  C^p 
Cpp  forebody  pressure  drag  coefficient 

Cq^  total  drag  coefficient,  =  D/(aA) 

Cp  flat  plate  skin  friction  coefficient 
Cp  specific  heat  at  constant  pressure 

‘^Pb  base  pressure  coefficient  relative  to  free  streaa  static  pressure, 
=  (Pb  -  p)/q 

lift  coefficient,  =  L/(54pV*A) 

D  seasured  drag 

dp  body  base  diameter 

dp  sting  diameter  at  body  base 

k  coefficient  of  heat  conduction 

I  length  of  body 

M  Mach  number 

q  dynamic  pressure,  = 

R  Reynolds  number  based  on  body  length 

Tj  te^>erature  at  outer  edge  of  boundary  layer 

If  temperature  at  body  wall 

a  angle  of  incidence  (degrees) 

Ijl  coefficient  of  viscosity 

0}  exponent  in  viscosity  •temperature  relationship  (l.e. 
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TESTS  ON  AOABB  NODEL  A 


1.  INTRODUCTION 

AOARD  Model  A  Is  a  slender  body  of  revolution  irtiioh  wae  selected  as  a  suitable 
calibration  oodel  for  testing  and  checking  supersonic  wind  tunnels.  As  NACA  RM  10 
body,  this  nodel  was  tested  in  a  number  of  wind  tunnels  and  in  fligdit  before  it  was 
selected  as  an  AOARO  calibration  nodel. 

Sone  collections  and  analyses  of  results  have  already  been  aade’.  In  this  paper 
this  work  has  been  used  extensively  to  provide  a  coaprehensive  sunnary  on  all  the 
work  done  on  this  nodel  to*date. 


X.  RANGE  OP  TESTS 

Figure  1  gives  the  details  of  the  nodel.  Most  of  the  tunnel  tests  have  been  nade 
on  the  nodel  without  fins  and  a  single  flight  test  has  also  been  nade  on  a  sting* 
supported  nodel  without  fins.  Other  flight  tests  were  nade  on  self-powered  rocket 
models  with  fins  and  range  tests  have  been  made  on  finned  models. 

The  tests  have  been  nade  over  a  range  of  Reynolds  numbers  fron  1  x  10*  to  40  x  10* 
in  tunnels  and  12  x  10*  to  140  x  10*  for  free-fllgbt  models.  Mach  numbers  covered 
ranges  fron  1.5  to  6,9  in  tunnels  and  0.85  to  4  in  flight. 


3.  MODELS  AND  MEASUREMENTS 

A  full  description  of  the  tunnels  and  nodels  used  is  given  in  the  various  references 
and  is  not  repeated  here.  An  attempt  has,  however,  been  nade  in  Table  I  to  suanarise 
the  most  Imiortant  details.  The  ACMRD  specification  for  the  ratio  of  sting  disaster 
to  base  dlaaeter,  as  shown  in  Figure  1,  was  not  published  until  after  nany  of  the 
tests  noted  here  were  nade  and  the  different  values  used  in  different  tunnel  tests 
nay  well  alter  the  results.  This  is  discussed  in  further  detail  later. 

In  sone  cases,  details  of  the  construction  and  surface  roughness  of  the  nodel  have 
been  given’**.  The  model  finishes  were  of  high  standard,  in  general,  and  it  is 
unlikely  that  difference  of  finish  between  nodels  has  had  any  large  effect  on  the 
results.  Transition  was  fixed  in  a  nunber  of  tests  by  strips  of  carborundun  powder 
near  the  nose  of  the  nodel.  One  test  in  a  range  was  nade  with  transition  fixed  by 
naehined  grooves  on  the  nose  of  the  nodel. 

In  the  flight  measurements  with  fins,  the  standard  method  of  Doppler  radar  was 
used  to  obtain  velocity  and  telenetered  signals  fron  a  pressure  cell  and  a  longitudinal 
acoeleronster  gave  base  pressure  and  total  drag.  In  the  fin-off  flight  tests,  the 
forces  were  measured  on  the  nodel  with  a  sting  balance,  the  readings  being  transnitted 
to  the  ground  by  telenetering. 

Skin  friction  has  been  measured  in  a  few  cases  both  in  flight^’* and  in  the 
NACA  4  ft  and  9  in.  tunnels’  by  rake  surveys  of  the  total  pressures  throutfi  the 
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boundary  layer.  To  obtain  the  skin  friction  drag,  an  estimated  temperature  gradient 
through  the  boundary  layer  was  used,  as  discussed  in  Reference  2. 

Porebody  pressure  drag  has  been  measured  in  some  tunnel  tests  by  integrating  the 
pressure  distribution  measured  at  a  number  of  orifices  (12  to  240  in  number)  in  the 
model.  In  some  cases  several  rows  of  orifices  were  used;  in  other  tests  the  model 
was  rotated  about  a  longitudinal  axis  and  a  number  of  sets  of  readings  was  taken. 

One  set  of  tests  has  been  made  on  a  half-model^  mounted  on  the  wall  of  the  tunnel. 
The  half-model  was  displaced  from  the  tunnel  wall  by  a  shim,  to  allow  for  the  boundary 
layer  thickness.  Tests  at  M  =  1.57  showed  that  this  shim  had  to  be  about  three 
times  the  boundary  layer  displacement  thickness  to  give  a  drag  on  the  half-model 
domparable  with  that  on  a  complete  model  measured  in  the  same  tunnel.  For  Mach 
numbers  of  1.8  and  2.  the  half-model  gave  good  agreement  with  a  complete  model  with 
a  shim  of  about  twice  the  boundary  layer  displacement  thickness. 


4.  RESULTS  AND  DISCUSSION 

4.1  Model  lithout  Fins 

A  plot  of  the  measured  total  drag  coefficient  from  a  representative  set  of  results 
at  varying  Reynolds  number  and  Mach  number  is  shown  in  Figure  2  (taken  from  Reference 
4).  There  is  obviously  a  very  considerable  scatter  in  these  results  and  further 
detailed  analysis  is  necessary. 

The  results  with  transition  fixed  are  much  less  scattered  than  the  main  body  of 
data,  but  unfortunately  there  are  not  enough  tests  with  transition  fixed  to  enable 
any  comprehensive  analysis  to  be  done  using  only  these  results.  To  co^iare  the 
results,  the  total  drag  has  been  separated  into  base  drag,  forebody  pressure  drag 
(l.e. ,  total  pressure  drag)  and  skin  friction  drag. 

4.2  Base  Presamre  Drag 

Most  of  the  tests  have  been  made  with  a  sting  diameter  from  0.58  to  0.72  of  the 
base  diameter  rather  than  the  recommended  0.49.  In  one  set  of  recent  AEDC  tests 
(Reference  27*),  a  comprehensive  range  of  sting  diameter  to  base  diameter  and  length 
of  parallel  sting  to  base  diameter  was  tested.  Some  early  NASA  tests  in  the  4  ft  x 
4  ft  tunnel  at  M  =  1.59  suggested  that  for  turbulent  flow  over  the  model  there 
should  be  no  change  in  the  base  pressure  due  to  sting  taper,  provided  that  there  was 
a  parallel  length  of  sting  2.5  times  the  base  diameter  downstream  of  the  base.  In 
the  ADC  tests  a  critical  sting  length  was  defined  as  the  length  for  which  there  was 
no  further  change  of  base  pressure  with  increase  of  parallel  sting  length.  Figure  3(a) 
shows  this  critical  length  plotted  against  Mach  number  for  three  Mach  numbers  and 
includes  an  indication  of  the  Reynolds  number  at  which  the  flow  over  the  base  becomes 
turbulent.  The  curves  marked  as  **Wake  lAistable”  at  M  =  2.0  and  3.0  were  in  regions 
^ere  a  small  change  in  Reynolds  number  produced  a  rapid  increase  in  base  pressure. 


Ibis  Report  was  received  after  the  main  body  of  the  analysis  in  this  note  was  completed  and 
results  froa  it  have  not  been  included  in  all  the  figures. 
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although  it  appeared  that  sting  interference  was  a  niniaum.  No  explanation  of  this 
effect  has  been  given.  These  results  show  that  the  AGARD  specification  is  satisfactory 
for  the  transition  free  ease  at  R  ^  1.3  x  10*  for  M  =  2.0  ,  R-^2.3  x  10*  at 

M  =  3.0  and  R  ^  3. 1  x  10*  at  M  =  4.0  .  At  M  =  9.0  ,  it  was  not  possible  to  find 

an  interference- free  sting  length  in  the  range  tested  (l,/d|,  =  1  to  6  and 
R  =  1  to  -2.7  X  10*)  . 

A  similar  examination  of  the  effect  of  sting  diameter  is  shown  in  Figure  3(b) 

(from  Reference  27).  This  shows  two  distinct  curves  for  laminar  and  turbulent  flow. 

For  the  turbulent  case,  the  base  pressure  appears  to  level  off  to  a  constant  value 
for  the  smallest  diameter  tested  (0.3  d|,)  ,  but  for  the  specified  value  of  0.5  there 
is  still  some  interference  present  at  M  =  2.0  to  4. 0  .  The  variation  for  the 

turbulent  ease  for  0.35  ^  0.66  is  only  0.015  in  base  pressure  coefficient. 

For  the  laminar  ease,  the  curves  show  an  increase  with  decrease  of  sting  diameter  and 
no  interference -free  sting  diameter  can  be  determined.  However,  the  variation  of  base 
pressure  is  small  for  sting  diameters  of  over  0. 5  dj^  . 

The  general  shape  of  the  change  of  base  pressure  with  Reynolds  number,  with 
transition  free,  is  illustrated  by  Figure  3(c)  (from  Reference  27).  When  the  Reynolds 
number  is  low  there  is  a  laminar  boundary  layer  over  the  whole  body  and  extending  into 
the  wake.  Under  these  conditions  the  base  pressure  is  very  small.  As  the  Reynolds 
number  increases,  the  transition  to  turbulent  flow  moves  forward  in  the  wake  to  the 
base  of  the  body  and  the  base  pressure  decreases  rapidly.  The  minimum  value  of  base 
pressure  occurs  irtien  the  transition  to  turbulent  flow  is  at  the  base  of  the  body. 
Thereafter,  as  the  transiticm  point  moves  forward  on  the  body,  the  base  pressure 
increases  slightly,  probably  until  the  transition  is  at  the  nose  of  the  body.  After 
this  point  a  further  increase  of  Reynolds  number  only  results  in  a  small  further 
change  in  base  pressure. 

With  the  transition  fixed  at  the  nose  of  the  body,  the  one  curve  on  Figure  3(c) 
at  M  =  2.0  confirms  the  results  of  Reference  2  that  the  base  pressure  is  nearly 
constant  over  the  Reynolds  number  range  from  2  x  10*  up  to  10^  .  Above  R  =  10^ 
there  is  a  slight  decrease  with  further  increase  of  Reynolds  number. 

Figure  4  attempts  to  summarize  all  the  results  of  base  pressure  plotted  against 
Mach  number  for  three  different  Reynolds  numbers.  No  correction  has  been  made  for 
sting  diameter  in  these  results  and,  since  in  all  cases  the  sting  diameter  is  hiiber 
than  the  recommended,  -Cp|^  is  probably  about  0.01  too  high  compared  with  results 
for  the  recommended  sting  disMter  of  0.49.  This  difference  is  fairly  small  compared 
with  the  scatter  of  the  results. 

At  a  Reynolds  number  of  approximately  30  x  10*  the  flight  test,  which  covers  a 
large  range  of  Mach  nuri)er,  agrees  well  with  the  few  tunnel  tests  which  have  bm 
made  at  high  Reynolds  number  and,  as  shown  in  Reference  3.  it  is  in  good  agreeaient 
with  the  estimates  of  base  pressure  based  on  the  theoretical  work  of  Love^*.  At  the 
lower  Reynolds  numbers,  the  transition-fixed  results  show  little  change  and  reasonable 
agreement  between  the  different  tunnels.  The  natural  transition  results  are,  however, 
very  scattered.  At  R  =  4  x  10*  and  M  =  2  ,  for  example,  C  can  range  from 
-0.02  to  -0.12  and  its  value  is  obviously  dependent  on  the  transition  position  on  the 
body,  which  can  vary  in  different  tunnels  for  the  same  Reynolds  number  and  Mach 
number. 


4.3  Porebody  Drat 


The  forebody  drag  is  obtained  by  subtracting  the  base  drag  due  to  base  pressure 
froB  the  total  drag.  It  is  shown  plotted  against  Reynolds  nuaber  for  one  set  of 
tests  in  Figure  5  and  against  Mach  number  for  various  Reynolds  numbers  in  Figures 
6(a)  and  6(b).  At  the  highest  Reynolds  nuaber  the  tunnel  results  are  all  in  reason* 
able  agreeaent  and,  thouah  transition  was  not  fixed  in  these  eases,  it  is  probably 
near  the  nose  of  the  models.  The  flight  test,  which  was  also  made  at  hiitfi  Reynolds 
number,  shows  an  appreciable  lower  value  for  drag  throughout  the  Mach  number  range. 

As  pointed  out  in  Reference  6,  this  is  probably  due  to  a  more  rearward  position  of 
transition  in  flight,  where  the  appreciable  heat  transfer  to  the  model  will  have  the 
effect  of  stabilising  the  boundary  layer.  Tunnel  experiments  were  made  with  a  body 
which  could  be  heated  or  cooled’^  and  the  results  confirmed  the  theoretical  estimates 
of  the  stabilizing  effect  of  heat  transfer. 

At  the  lower  Reynolds  nuidMrs  there  is  considerably  more  scatter  on  the  results, 
which  must  be  due  to  variation  of  transition  position.  With  the  transition  fixed 
forward  the  results  are  in  reasonable  agreement,  but  there  is  not  sufficient 
information,  particularly  at  the  higher  Mach  numbers,  to  draw  mean  curves  accurately. 
Unfortunately  no  observations  of  transition  position  were  made  in  the  tunnel  tests 
and  so  further  correlation  of  the  forebody  drag  is  not  possible. 

4.4  Forebody  Pressure  Drag 

Figure  7  shows  the  measured  forebody  pressure  drag  compared  with  various  estimates, 
including  one  made  by  using  characteristics  from  Reference  3,  two  from  Reference  8, 
using  the  estimates  of  Fraenkel*  and  Lighthill’s  second-order  theory,  and  me  made 
from  the  generalized  curves  of  Reference  11  (also  based  on  Fraenkers  work).  Near 
M  =  1.5  ,  all  the  estimates  and  measurements  agree  reasonably  well  but,  at  higher 
Mach  nuMbers,  there  are  appreciable  differences  between  the  estimates,  amounting  to 
as  much  as  10.01  on  Cj^  over  the  Mach  nuaber  range  from  3  to  4.  unfortunately 
there  are  not  at  present  sufficient  experimental  results,  particularly  in  the  Mach 
nuaber  range  3  to  5,  to  check  the  estimates. 

4.5  8kin  Frictloa 

By  subtracting  the  forebody  pressure  drag  from  the  forebody  total  drag,  the  akin 
friction  drag,  Cq^  ,  can  be  obtained,  niere  poaslble  the  measured  value  of  forebody 
pressure  drag  has  been  used,  but  if  this  is  not  available  the  value  given  by  the 
generalized  curves  of  Reference  11  (Fig. 7)  has  been  taken.  Figures  8(a)-(c)  show  the 
results  plotted  against  Reynolds  nu^r.  These  curves  are  similar  to  those  given  in 
Reference  7,  but,  in  that  report,  the  forebody  pressure  drag  as  given  by  slender-body 
theory  was  used.  For  comparison  the  skin  friction  drag  on  a  flat  plate  is  also  shown. 
For  the  incompressible  laainar  skin  friction  on  a  flat  plate,  the  Blasius  formula 
Cf  =  l.328yR  has  been  used,  with  a  compressible  flow  correction  using  Young’s 
foraula^^ 
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where  a  Bean  value  ot  a-  =  ^Cp/k  =  0.72  and  (a  =  8/9  were  taken,  so  that 


and  values  for  c  =  0.72  and  o)  =  8/9  have  been  taken. 

For  the  AOARD  Model  A.  the  drag  coefficient  is  based  on  body  frontal  area  and 
Cpf  =  36.3  Cf  .  No  allowance  has  been  aade  for  the  increase  in  skin  friction  due  to 
increase  in  velocities  round  a  body  coapared  with  a  flat  plate. 

Over  the  Mach  nuaber  range  froa  1.6  to  2.5,  the  results  (Figures  8(a)  and  (b))  show 
very  good  agreeaent  between  flat  plate  skin  friction  and  the  aeasureaents  on  the  body. 
At  higher  Mach  nuabers  the  agreeaent  is  not  quite  so  satisfactory. 

This  aethod  of  plotting  the  results  shows  clearly  the  Reynolds  nuaber  range  for 
transition  froa  laainar  to  turbulent  flow  on  the  bodies  and,  on  Figures  8(a)  and  8(e), 
the  transition  Reynolds  nuaber  on  a  10°  cone  in  soae  of  the  tunnels  is  also  shown. 
These  transition  Reynolds  nuabers  are  very  close  to  the  Reynolds  nuaber  at  which 
forward  aoveaent  of  transition  occurs  on  the  AOARD  Model  A. 

The  aeasureaents  of  skin  friction  aade  on  the  AGARO  Model  A  body  with  a  rake^*'^* 
in  flight  over  a  Mach  nuaber  nmge  froa  1.5  to  3.0,  have  shown  very  good  agreeaent 
with  van  Driest* s  theory^*  for  turbulent  skin  friction  when  the  effects  of  heat 
transfer  are  included.  In  this  Mach  nuaber  range  this  theory  gives  values  of 
turbulent  skin  friction  8R  to  SR  above  the  fomula  quoted  here.  This  difference 
between  the  theories  is  within  the  eiperiaental  error  in  the  aeasureaents. 


4.6  Drag  with  Fins 

Fsw  detailed  tests  have  been  done  on  the  aodel  with  fins.  In  Reference  10  soae  of 
the  results  available  have  been  analysed  and  soae  results  are  given  froa  range  firings 


12 


of  Bodels  where  the  transition  position  could  be  estinated  from  sehlleren  photographs^ 
SoM  tests  were  also  aade  with  a  screw  thread  type  of  trip  near  the  nose  of  the  model 
to  locate  the  transition  forward.  The  variation  of  total  drag  with  transition 
location  could  then  be  obtained  and  Figure  9  (from  Reference  10)  shows  the  results  at 
M  =  1.6  and  R  =  3  x  10*  and  M  =  3  and  R  =  5  x  10*  .  There  is  a  reasonable 

overall  agreement  between  the  range  results  and  the  tunnel  tests. 

Further  results  on  the  drag  of  the  model  with  fins  are  given  in  Reference  2  over  a 
range  of  Mach  numbers  up  to  3,  including  free>fllght  tests,  and  at  M  =  6.9  in 
Reference  8.  Some  tabulated  results  are  included  in  Table  II,  but  further  analysis 
is  not  really  possible  because  so  few  comparisons  are  available. 

4.7  Lift  and  Pitching  Moment 

The  lift  curves  for  the  body  al(»e  are  non>linear  and  Figure  10(a)  shows  the 
results  expressed  as  a  ratio  C^/a  for  a  range  of  incidence.  There  is  a  reasonable 

agreement  between  the  various  different  results  over  a  wide  range  of  R  from 

3  X  10*  to  30  X  10*  .  The  effects  of  transition  cannot  be  evaluated,  as  its 
position  was  not  recorded  in  these  tests. 

Figure  10(b)  shows  the  corresponding  curves  for  the  variation  of  centre  of  pressure 
in  terms  of  body  length.  Figure  11  gives  the  corresponding  curves  with  fins.  The 
number  of  results  is  rather  limited  but,  again,  there  is  a  fair  agreement  among  then. 


9.  CONCLUSIONS 

(1)  The  total  drag  measurements  on  the  AQARD  Model  A  show  considerable  scatter 
of  results  in  various  tunnels. 

(ii)  Base  pressure  messurenents  show  a  consistent  set  of  results  at  high  Reynolds 
nusdwr  (20  to  30  x  10*),  but  at  lower  Reynolds  number  there  are  large 
differences  and  the  pressure  is  dependent  on  the  thickness  and  state  of  the 
boundary  layer  near  the  base  of  the  body.  If  the  transition  is  fixed  at  the 
nose,  the  base  pressure  is  reasonably  Independent  of  Resmolds  number  from  about 
2  X  10*  up  to  10^  and  only  decreases  slowly  at  higher  Reynolds  number. 

(iii)  Pressure  distribution  messurenents  give  a  forebody  pressure  drag  in  good 
agreement  with  the  various  theoretical  estimates  for  M  =  1.9  to  '2  ,  but 
at  higher  Mach  numbers  there  are  few  experimental  results. 

(Iv)  The  skin  friction  drag  is  in  very  good  agreement  with  flat  plate  skin  friction 
for  both  laminar  and  turbulent  boundary  layers  over  the  Mach  nuirtter  range 
1.6  to  2.9  but  in  not  ouite  such  good  agreement  at  the  higher  Midi  numbers. 

(V)  At  Mach  numbers  in  the  range  1.6  *2.9  the  transition  Reynolds  nimdwr  on  the 
AQARD  Model  A  is  close  to  that  on  a  10**  cone. 

(vi)  While  a  test  with  a  smooth  model  is  a  useful  check  of  the  transition  Reimolds 
number  of  a  tunnel,  the  transition  should  be  fixed  near  the  noae  of  the  model 
if  comparison  of  results  with  other  tunnels  is  required. 

(vii)  Lift  and  pitching  moment  measurements  with  and  without  fins  show  reasonable 
agreement  in  results  from  various  tunnels. 
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Pic.  2  AOMD  Model  A.  Coapcrison  of  aeasured  total  drag  coefficients 
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Ref.  27) 
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(Pig.  7  of  Ref.  27) 


AOAID  Model  A.  Varimtion  of  forebody  drag  with  Reynolds  nuaber 

(Ref.  4) 


25 


Plg.6(»)  AOUD  Modal  A.  Vuriatlon  of  fortbody  drag  vith  Mkoh  nuabor  at  two 

loyaolda  aurtara 


Pl(.<(b)  ASAID  KMtel  A.  Vu-iatioa  of  forobodjr  drac  with  MMdi  auaber  at 
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nf.8(a)  ACMRD  Model  A.  Prietioo  drag  acaiiiat  Reynolds  nuaber  st  M 
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Plt.8(b)  AMID  Model  A.  Prietloo  drac  eceinst  Reynolds  nnaber.  M  =  2.0  end  2.5 


Variation  of  drac  *itli  transition  location 
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SUIIAtY 


This  report  contains  a  surrey  and  a  eoaparlson  of  the  results  froa 
tests  with  AQARO  Csllbrstlon  Hodel  B  at  Msdi  nuabers  between  0.7  and 
1.3.  The  srsilsble  data  include  tests  in  different  wind  tunnels,  at 
different  Raynolds  nuabers  and  bloeksce  percentages  for  aodels  with  and 
without  fixed  transition. 

The  results  froa  different  sources  show  asny  discrepancies;  soae  of 
these  can  be  explained.  A  first  effort  is  nade  to  establish  reference 
cunres,  to  facilitate  further  ooaparison. 
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Df 
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wing  span 

test  section  width 


nean  aerodjmamic  chord,  =  2.309  D 


average  geoaetric  chord  of  wing- body  coabination, 
wetted  area  of  wing-body  combination 
2  (b  -  D)  +  itD 


l.SOe 


base  drag  coefficient.  =  -(A|,/S)Cp|^ 

forebody  drag 

forebody  drag  coefficient,  =  -  =  Cp^  -  Cp^ 


transonic  drag  rise  coefficient, 
skin-friction  drag  coefficient. 


=  C, 


Df 


^Cpf) 


M  >  O.s 

skin-friction  drag 
q  X  half  wetted  area 


total  drag  coefficient 

lift  coefficient,  ~  lift/(qS) 

lift  curve  slope,  =  dC|^/da 

pitching  nonent  coefficient  about  BOB  of  Bean  aerodynaaic  chord  (btc) , 
=  aoBent/CqCIc) 

base  pressure  coefficient  relative  to  free  streaa  static  pressure. 

=  (P|,  -  P)/q 

sting  disaster 

body  diameter 

test  section  height 

length  of  straight  portion  of  sting 

length  of  body,  =  8.90 

Mach  nuaber 

■oaent  reference  centre,  90K  of  aean  aerodynaaic  chord 
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r  local  body  radius 

Re  Reynolds  nusber  based  on  S 

Re'  Reynolds  nuaber  based  on  c^^ 

8  total  wing  area,  =  6.928  d‘ 

V  free-streaa  velocity 

X  distance  along  body  axis 

distance  of  arc  aft  of  aodel  nose  in  body  disaeters,  =  5.943 

Xgp  distance  of  neutral  point  at  C|^  =  0  aft  of  aodel  noae  in  body  disasters, 

=  X„.  -  (5T))(llcy(lCt>5^.^ 

a  angle  of  attack 

6  cone  angle  of  sting 

p  free  streaa  density 


41 


A  lEVIEff  OF  MEAStllEIENTS  ON  AOAED  CALIBBATION  NODEL  B 
IN  THE  TBAN80NIC  BPEEB  BANOE 


1.  INTRODUCTION 

AOARD  Calibration  Model  B  is  an  ogive-cylinder  with  a  delta  wing,  originally 
designed  for  the  oalibratl<»  of  supersonic  wind  tunnels,  but  it  is  often  also  used 
for  calibrating  transonic  wind  tunnels. 

This  report  contains  a  cosparison  of  the  results  at  Mach  nuiO>ers  between  0.7  and 
1.3. 


The  available  data  were  taken  from  References  1-11.  These  data  were  obtained  in 
tests  in  different  wind  tunnels,  at  different  Reynolds  nuabers  sad  blockage  percentages 
for  aodels  with  and  without  fixed  transition.  Table  I  shows  that  there  are  twenty-two 
different  tests  to  be  oowpared,  including  two  free-flight  tests. 


2.  APPARATUS 

2.1  Test  Facilities 

In  so  far  as  they  are  known,  the  nost  significant  data  of  the  test  section  such  as 
slse,  wall  shape  and  open  percentage,  are  shown  in  Table  I.  Further  details  of  the 
test  facilities  are  given  in  Reference  1-12  and  will  not  be  repeated  here. 

2.2  Model 

AOMRO  Calibration  Model  B  is  a  configuration  consisting  of  a  wing  and  body  con- 
bination.  Tbe  wing  is  a  delta  in  the  forn  of  an  equilateral  triangle  with  a  span 
four  tines  the  body  dianeter.  The  body  is  a  cylindrical  body  of  revolution  with  an 
ogive  nose.  The  nodel  is  shown  in  Figure  1  and  is  nore  fully  described  in 
Reference  13. 

The  nodel  sizes  of  the  various  tests  in  relation  to  the  test  section  sizes  are 
given  in  Table  I. 

In  a  nunber  of  tests  the  transitim  of  the  boundary  layer  was  fixed  by  trip  wires 
on  the  body  at  1.5  body  dianeters  aft  of  the  nose  and  on  the  upper  and  lower  surfaces 
of  the  wing  at  IW  of  the  chord.  Two  tests  (A4  and  C2)  were  nade  with  fixed 
transition  by  grit  transition  stripe.  Fixed  transition  on  the  body  in  test  A4  was 
onitted.  The  dianeter  of  the  trip  wires  is  given  in  Table  I. 

The  nose  of  the  nodel  used  for  the  tests  Bl,  B3  and  B3  was  slightly  different  fron 
the  mrescribed  fors.  The  difference,  however,  was  quite  snail  so  that  no  Influence 
on  tbe  neasurenents  is  to  be  expected. 

TUo  tests  (FI  and  F2)  were  executed  as  half-nodel  tests.  A  shin  was  used  to  keep 
the  nodel  out  of  tbe  tunnel-wall  boundary  layer. 
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In  the  two  flight  tests  (HI  snd  H2)  the  sodel  wss  equipped  with  two  vertlesl 
stsbilizatlon  fins. 

2. 3  Model  Support 

The  ultimate  specification  of  the  sting  dimensions,  given  In  Reference  13,  was 
published  after  the  completion  of  many  tests,  and  a  number  of  different  sting  con* 
figurations  were  used.  The  sting  dimensions  for  the  various  tests  are  given  in 
Table  I. 


3.  RESULTS  AND  DISCUSSION 
3. 1  General 

On  analysing  the  data,  it  should  be  borne  in  mind  that  in  most  eases  the  AGARD 
calibration  models  were  tested  when  the  various  wind  tunnels  had  only  Just  been  put 
into  operaticm  and  that,  since  then,  modifications  and  iv>roveaents  have  been  made 
without  the  models  being  re-tested.  Moreover,  the  data  were  often  reported  in  pre¬ 
liminary  form  and  might  not  have  been  checked  carefully  in  all  cases.  Hence  the  <teta 
presented  are  not  necessarily  the  best  results  that  the  tunnels  are  ciqiable  of 
producing. 

In  this  report  the  analysis  of  the  data  is  confined  to  a  Mach  number  range  of  0.7 
to  1.3.  The  Reynolds  numbers  of  the  various  tests  are  represented  in  Figure  2.  The 
mean  aerodynamic  chord  is  taken  as  the  reference  length. 

Lift,  lift-curve  slope,  moment,  neutral  point,  forebody  drag  snd  base  drag  are 
compared.  The  coefficients  are  plotted  against  Mach  number  in  Figures  3-S.  Obviously 
there  is  a  considerable  scatter  in  these  results. 

The  factors  which  may,  in  general,  affect  the  data  uv 

(i)  instrument  errors, 

(ii)  tunnel-wall  interference, 

(ill)  other  imperfections  of  the  tunnel  flow. 

(iv)  sting  interference, 

(V)  imperfections  of  the  model, 

(Vi)  Reynolds  number  and  the  method  of  fixing  boundary  layer  transition. 

The  avallsble  information  does  not  permit  evaluation  of  all  these  factors.  This 
holds  especially  for  (i),  (iii)  and  (v).  As  far  as  (i)  and.  to  a  certoin  extent. 

(iii)  are  eoneemed,  the  available  information  on  accuracy  and  repeatability  is  shown 
in  Table  11.  It  is  evident  that  this  information  is  not  sufficient  to  separate  the 
influence  of  the  accuracy  of  the  measurements  from  the  other  factors.  In  general  very 
little  is  known  about  the  influence  of  the  factors  (i),  (iii)  and  (v)  on  the 
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MMureamts  under  consideration.  Unless  stated  otherwise  in  this  report  it  has  been 
assuaed  that  the  effect  of  these  factors  is  saall  enough  to  Justify  an  atteapt  to 
correlate  the  discrepancies  with  the  factors  (ii).  (iv)  and  (vl). 

The  first  aia  of  the  procedure  followed  in  the  detailed  analysis  was  to  try  to 
take  into  account  the  factors  (ii),  (iv)  and  (vl)  in  the  fora  of  certain  suitable 
paraaeters  and  thus  to  select  corresponding  results.  Wherever  this  procedure 
succeeded,  so-called  ‘references  curves*  were  established  and  the  other  data  were 
coapared  with  these  curves.  On  the  other  hand,  in  certain  eases  the  reverse  pro¬ 
cedure  was  adopted,  naaely  to  select  the  data  which  show  ecoforaity  and  to  try  to 
derive  conclusions  froa  this  fact. 

It  is  well  recognized  by  the  withors  that  the  analysis  presented  in  this  report  is 
not  eoaplete.  In  asny  eases  the  explanation  of  the  ..Lj.  'ved  facts  is  lacking. 

However,  it  was  thought  to  be  worth  asking  the  results  at  this  stage  available  to 
those  Interested  in  the  ACMRO  calibration  andel  prograa.  The  results,  even  in  the 
present  fom,  asy  prove  useful  for  certain  purposes.  Proa  contacts  with  soae 
institutes  the  authors  received  conaents  which  are  also  incorporated  in  the  report. 

Finally,  it  asy  be  stated  that  the  aerodynaaic  forces  are  in  theaselves  ‘integrated* 
effects.  This  aakes  it  difficult  to  reach  detailed  conclusions.  The  analysis  would 
doubtless  have  been  facilitated  if  the  wore  direct  effects  had  also  been  aessured  by 
taking  pressure  aeasureaents  and  sdilieren  pictures,  etc.  An  extension  of  the  cali¬ 
bration  prograa  in  this  direction  would  be  greatly  welconed. 

3.2  Lift 

For  all  the  tests  the  lift  coefficient  was  plotted  against  Mach  nuaber  for  three 
different  values  of  sngle  of  attack.  O'*,  4**  and  At  higher  angles  of  attack 
insufficient  data  are  available. 

It  is  to  be  expected  that  corresponding  results  will  be  found  for  those  tests  where 
the  tunnel  wall  interference  is  sufficiently  sasll  and  lAsre  no  considerable  scale 
effects  are  present.  The  effect  of  a  difference  in  sting  configuration  nay  be  con¬ 
sidered  negligible. 

A  rough  theoretical  estinate  of  the  tunnel  wall  influence  on  lift  for  this  nodel 
showed  that  large  effects  are  not  likely,  in  view  of  the  fact  that  the  wing  area  is 
relatively  snail.  Therefore,  as  a  starting  point,  the  data  were  gathered  froa  the 
tests  with  fixed  transition  and  with  natural  transition  at  high  Reynolds  nuaber. 

These  tests*  are  A3,  A4,  B2,  B3,  C2,  CS,  C4,  03  and  F2,  These  tests  showed  sgreeaent 
with  the  exception  of  C4  and  F2.  Figure  9  shows  the  results  for  A3,  A4,  B2,  B3. 

C2  and  02,  together  with  reference  curves  wbidi  are  representative  for  the  group. 

This  correspondenee  is  taken  as  the  basis  for  a  further  analysis. 

In  Figure  10  a  coaparlson  of  all  data  with  the  reference  curves  (dotted  lines)  is 
given.  It  is  obvious  that  the  results  selected  to  conpose  the  reference  curves  show 
good  sgreeaent  with  these  curves  (Figs.  lOc,  lOd,  lOe  and  lOg).  The  results  of  B2  and 


*  No  data  are  available  for  D4  and  Kg. 
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B3  iu>proaeh  the  reference  curves  even  acre  closely,  if  a  correction  is  nade  for  the 
effect  of  asymetry  ehich  is  shorn  in  the  results  at  sero  degrees.  Although  a  trip 
was  used  in  test  D2,  the  discrepancies  at  higher  angles  of  attack  nay  be  due  to  the 
low  Reynolds  nuaber:  possibly  the  trip  wire  disaeter  was  too  saall  to  be  effective. 
For  the  rest  it  is  not  thought  that  at  the  present  stage  wore  can  be  said  about  the 
differences  within  this  group. 

The  following  table  gives  the  wain  eharaoteristics  froa  the  viewpoint  of  tunnel 
wall  interference  of  the  selected  results. 


Teat 

Model  Blockage  % 

fall 

Type 

Open  % 

AS,  A4 

1.15 

4  perf. 

6 

B2,  B3 

0. 17 

4  slotted 

11 

C2 

0.20 

4  perf. 

- 

02 

O.SO 

4  perf. 

8 

So  the  foregoing  eonelusl<»  aeans  that,  within  the  Units  presented  in  the  table, 
no  wall  interference  effects  can  be  traced.  This  result,  together  with  a  study  of 
Table  I,  leads  to  the  assuaptlon  that  significant  wall  interference  effects  need  not 
be  expected  either  for  the  test  A2  (sane  wall  systen  as  for  A3,  A4;  O.Olf  blockage 
ratio),  Bl  (saae  wall  systen  and  blockage  ratio  as  for  B2,  B3),  C3  (saae  wall  systen 
sad  blockage  ratio  as  for  C3)  and  01  (sane  wall  systen  and  blockage  ratio  as  for  02)*. 
So  it  is  appropriate  to  study  the  results  of  these  with  respect  to  poaslble  scale 
effects. 

In  the  results  of  test  A2  (Pig.  1(R>)  there  is  a  renarkable  ‘buap’  swarent  between 
M  =  0.9  and  M  =  1.0  .  A  sinilar  effect  is  shown  in  Bl  (Pig.lOd)  and,  to  a  leas 
extent,  in  C2  (Pig.lOe). 

The  results  of  C3  are  entirely  different  fron  the  reference  curves.  These 
differences  are  not  thought  to  be  of  aerodynanical  origin,  the  nore  so  because  for 
CS  and  C2  the  saae  nodel  was  tested  in  the  sane  wind  tunnel  with  only  a  different 
nethod  of  fixing  boundary  layer  transition. 

The  differences  between  01  and  02  (Pig.  lOg)  can  only  be  correlated  with  the 
influsnoe  of  the  trip  wire. 

As  a  conclusion  for  the  group  A2,  Bl,  (3  and  01  it  nay  be  said  that  on  the  one 
hand  certain  scale  effects  seen  to  be  ^essnt;  on  the  other  hand  it  is  likely  that 
sone  experinsntal  iaverfections  exist. 

finally  the  results  of  Al,  C4,  Bl,  PI,  P2  and  01  have  to  be  considered,  being  the 
tests  for  which  neither  tunnel  wall  interference  nor  scale  effect  can  be  excluded  at 
first  sight. 


*  No  data  are  available  for  Cl,  01,  04. 
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In  view  of  the  fact  that  the  blockage  ratio  la  2.M  and  the  Reynolds  nusber  fairly 
high,  It  is  appropriate  to  ascribe  the  discrepancies  of  test  A1  (Pig. 10a)  to  wall 
interference.  Tunnels  designed  to  provide  the  least  interference  over  a  wide  range 
of  transonic  Mach  numbers  behave  somewhat  like  an  open>jet  tunnel  at  Mach  numbers 
near  one.  Therefore  the  indicated  Mach  number  should  be  corrected  (decreased)  as  a 
function  of  model  size. 

For  C4  (Pig. lOf)  it  is  assumed,  as  was  done  for  C3,  that  the  large  difference  from 
the  reference  curve  is  of  non-aerodynamlc  origin. 

For  El  (Pig. lOh)  the  'official'  curves  were  obtained  by  taking  the  mean  value  of 
two  tests.  The  latter  of  the  two  was  executed  with  a  re-wired  balance.  The  results 
of  this  test  alone  show  a  much  better  agreement  with  the  reference  curve. 

The  data  for  PI  and  P2  (Pig. lOi)  are  consistently  lower  than  the  reference  curve. 
This  result  agrees  well  with  the  general  features  of  half-model  testing,  as  discussed 
in  more  detail  in  Reference  14.  It  is  mentioned  in  this  report  that  typical  values 
of  the  lift  curve  slope  for  half-models  of  some  wing-body  configurations  were  around 
10%  lower  than  the  corresponding  values  for  complete  models. 

Discrepancies  are  present  in  the  results  of  test  01  (Pig.lOJ).  The  origin  of  this 
may  be  found  in  the  fact  that  the  test  was  made  in  an  open-jet  tunnel.  It  is  likely 
that,  at  least  for  the  highest  Mach  number  (0.99),  a  considerable  positive  correetion 
is  needed, 

3.3  Llft-Cmrve  Slope 

The  lift-curve  slope  is  taken  at  C|^  =  0  .  The  same  tests  as  in  Section  3.2  were 
used  in  coapoelng  the  reference  curve,  including  tests  D4  and  112  of  which  no  data 
were  available  for  the  cosparlson.  These  results  and  the  reference  curve  are 
shown  in  Figure  11.  The  dotted  line  in  this  figure  represents  a  curve  giving 
theoretical  values  taken  from  Reference  11.  The  calculation  for  the  curve  of 
Reference  11  was  derived  from  Reference  15.  The  agreement  is  very  good.  A  comparison 
of  all  the  data  with  the  reference  curve  (dotted  line)  is  given  in  Figure  12. 

At  first  sight  it  nay  be  considered  superfluous  to  study  the  lift-curve  slope, 
since  the  curves  for  a  =  4°  ,  as  shown  in  Figure  10,  already  represent  the  mean 

value  of  in  the  region  between  0**  and  4**.  However,  in  several  tests  at  certain 

Mach  numbers,  there  is  a  change  in  lift-curve  slope  in  the  region  of  zero  angle  of 
attack,  irtiile  the  overall  character  of  the  Cj^-a  curve  is  not  changed.  These  effects 
are  evident  in  tests  B1  and  B3  at  Mach  numbers  between  0.9  and  1.0  and  in  C2  at  Itach 

numbers  around  1.0.  Typical  examples  are  shown  in  Figure  13.  In  several  other  tests 

this  tendency  of  change  in  lift-ourve  slope  is  also  apparent,  but  a  smooth  line  was 
drawn  in  the  reference  curves,  because  the  disorepaneies  were  considered  to  be  within 
the  aeouraey  of  the  measuremonts.  In  Figure  12  the  results  are  shown  as  they  are 
given  in  the  original  reports. 

In  Figure  11  the  reference  curve  reflects  mainly  the  overall  value  of  the  lift- 
curve  slope,  rem-esented  by  the  dotted  lines  in  Figure  13.  This  makes  it  clear  that 
the  reference  curve  is  in  fair  agreement  with  the  reference  curve  for  lift  at 
a  =  4®  (Fig.9). 
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Apart  froB  the  effect  Just  aentlooed.  only  the  following  eoaparleone  are  lade  with 
regard  to  lift-curve  slope: 

Test  C3  also  shows  a  narked  change  of  in  the  region  of  a  =  0  .  While  here 
the  overall  value  is  hlidier  than  the  reference  curve,  aa  shown  in  Figure  lOf,  the 
local  value  given  in  Figure  12g  is  Quite  near  the  reference  curve. 

For  Cl  (Flg.l2g),  03  (Fig. 12k).  uid  H2  (Pig.l2o)  no  data  on  lift  were  available; 
only  the  lift -curve  slope  was  known. 

3.4  Nonent 

It  was  Intended  to  follow  the  sane  procedure  as  in  Section  3.2  to  obtain  reference 
curves.  After  prelinlnary  observatlcns.  however,  it  appeared  that  only  three  of  the 
selected  tests,  A4,  B2  and  B3,  show  corresponding  results  up  to  a  Mach  nunber  of  1. 10. 
With  so  few  data  the  reference  curves  should  be  handled  with  great  care.  However, 
for  a  aisple  sutual  comparison  the  reference  curve,  apart  from  the  interpretation 
which  nay  be  given  to  it,  will  be  used. 

In  accordance  with  the  speoiflcatlon  of  Reference  13.  the  nonent  reference  centre 
is  taken  at  50%  of  the  mean  aerodynanlc  chord.  The  data  have  been  plotted  against 
Mach  nunber  for  C|^  =  0  .  0.2  and  0.4  .  The  reference  curves  at  these  lift 
coefficients  are  represented  in  Figure  14.  In  Figure  IS  the  available  results  are 
ocnpared. 

Anong  the  nany  discrepancies  which  can  be  seen  in  Figure  15,  the  following  are 
noteworthy: 

The  tests  A2  (Fig. 15b),  C2  (Flg.lSe),  D1  (Fig.lSg)  and,  to  sons  extent,  B1  (Fig.lSd), 
C4  (Fig.lSf)  show  a  bunp  in  the  curves  at  Mach  nunbers  between  0.9  and  1.0.  A 
slailar  bunp.  but  in  the  opposite  direction,  is  found  in  the  lift  curves  of  tests 
A2,  B1  and  C2  (Section  3.2).  Whra  a  snooth  curve  is  drawn  through  all  the  points, 
except  those  in  the  Mach  nunber  range  nentioned,  it  is  seen  that  the  bunp  neans  an 
increase  in  lift  and  a  decrease  in  nonent,  so  that  the  extra  lift  oust  act  down- 
strean  of  the  nonent  reference  centre.  For  C4  the  sane  effect  can  be  demonstrated, 
though  less  clearly,  for  the  lift  curve.  For  D1  the  effect  is  present  if  the 
supersonic  values  of  the  nonent  for  D1  and  D2  are  brought  to  the  sane  level. 

As  was  the  case  for  the  lift,  test  At  (Fig. 15a)  shows  a  large  deviation  fron  the 
reference  curves.  Again  this  nay  be  due  to  a  tunnel-wall  interference  effect. 

In  contrast  with  what  was  said  in  Section  3.2,  tests  C2  and  C3  (Fig. 15e)  give  the 
sane  results,  though  different  from  the  reference  curves. 

Test  C4  (Fig. 15f )  agrees  much  better  with  the  reference  curves  than  was  the  ease 
for  the  lift. 

Tests  D1  and  D2  (Fig.l5g)  differ  narkedly  fron  the  reference  curves. 

It  nay  be  concluded  fron  the  results  given  in  Reference  7  (test  Bl)  that  the 
re-wiring  of  the  balance  had  hardly  any  effect  on  the  nonent.  Accordingly  the 
curve  (Fig.l5h)  is  in  good  agreenent  with  the  reference  curve. 


Up  to  a  Maoh  nunbar  of  1.05  teat  F2  (Pig. 151)  shows  a  good  agrssMnt.  As  Is 
revealed  In  Reference  8,  the  data  In  the  range  M  =  1.0  to  M  =  1.35  mist  he 
excluded,  as  they  are  affected  by  shock^vave  reflection  phenoaena. 
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3. S  Neutral  Point 

The  study  of  the  neutral  point  Is  In  fact  the  study  of  dC^/dC|^  .  In  this  report 
the  position  of  the  neutral  point  Is  given  in  body  dianeters  aft  of  the  uodel  nose 
and  only  the  position  at  Cj^  =  0  is  studied. 

By  neans  of  the  tests  A3.  A4.  B2.  B3  and  C2  it  was  possible  to  detemine  the 
reference  curve.  As  a  cheek  on  the  latter,  a  curve  giving  theoretical  values  is 
available.  This  curve  was  taken  frou  Reference  11.  in  which  it  was  derived  frou 
Reference  15.  Both  curves  and  the  results  of  the  selected  tests  are  represented  in 
Figure  16. 

The  reference  curve  agrees  very  closely  with  the  reference  curve  for  the  aouent 
at  =  0.2  (Fig.  14).  This  agreeawnt  supports  the  uoaent  reference  curve,  which 
was  based  only  on  A4.  B2  and  B3. 

Much  the  sane  as  was  the  ease  for  the  ccaparison  between  lift -curve  slope  end  lift, 
disagreeaent  between  the  nonent  at  (^  =  0.2  and  the  neutral  point  at  C!|,  =  0  will 
reveal  non-linearities  in  the  slope  of  the  curves.  This  is  clearly  the  ease 

for  test  Bl.  For  sone  of  the  other  tests,  such  ss  B3.  the  effect  is  present  but  less 
narked,  or  the  non-linearity  is  spread  over  a  wider  range  of  . 

Figure  17  shows  the  eoaparison  of  all  the  available  data  with  the  reference  curve. 
For  several  of  the  tests,  there  is  a  striking  correspondance  between  the  deviations 
from  the  reference  curve  for  the  neutral  point  and  the  lift-curve  slope,  naaely  for 
test  A1  (Figs. 17a  and  12a).  Bl  (Figs.l7d  and  12d).  C2  (Figs.l7e  and  12h).  FI  and  F3 
(Flgs.nj  and  12n).  and  to  a  less  extent  A2  (Figs. 17b  and  12b).  B3  (Figs.l7d  and  12f) 
and  Cl  (Flgs.l2g  and  17e).  If  in  these  tests  the  value  of  at  a  given  Mach 
nuaber  is  greater  (respectively  snaller)  than  the  value  of  the  reference  curve,  the 
value  X„  is  also  greater  (respectively  saaller)  than  the  reference  curve  value. 

The  resulting  change  in  dC  ^C|^  indicates  that  the  extra  (positive  or  negative) 
lift,  with  regard  to  the  reference  curve  lift,  is  acting  downstreaa  of  the  aoanit 
reference  centre.  This  result  is  a  confiraation  of  the  saae  conclusion  arising  froa 
the  llft-aoaent  eoaparison  for  a 4°  and  a S'*  (Section  3.4). 

The  other  tests  showed  only  the  following  points; 

For  Cl.  DS.  04,  01  ami  H3.  neutral  point  data  exist  though  no  aoaent  data  for 
=  0.2  and  0.4  were  available. 

03  and  04  (Pig. 17h)  show  aarked  discrepancies. 

The  sgreeaent  for  01  (Fig. 17k)  is  very  good. 

For  H2  (Fig.  171)  a  general  sgreeaent  with  the  reference  curve  exists. 

Test  C3  (Pig.lTe)  gives  about  the  saae  results  as  C2,  which  corresponds  with  the 

results  of  the  aoaent  eoaparison. 
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3.1  Ptorebody  Drag 

The  forebody  dreg  le  obtained  by  subtracting  the  drag  due  to  the  base  froa  the 
total  drag.  Because  the  aft  end  of  the  body  Is  entirely  cylindrical,  the  forebody 
drag  aay  be  expected  to  be  independent  of  the  sting  configuration.  In  this  paper 
the  forebody  drag  is  observed  only  at  =  0  . 

The  drag  characteristics  as  a  function  of  Reynolds  nunber  pernlt  sn  interesting 
conparlson  with  the  skin-friction  drag  of  a  flat  plate.  Prom  pressure  aeasurenents 
at  the  N.L.L.  on  the'  body  of  the  AGARD  Model  C,  it  has  been  concluded  that,  up  to  a 
Mach  nunber  of  0.8,  there  is  no  pressure  drag  of  any  significance  for  the  body.  It 
is  expected  that  the  contribution  of  the  wing  to  the  pressure  drag  is  also  negligible. 
So  it  can  be  aasuaed  that  the  forebody  drag  at  M  =  0.8  represents  the  subsonic 
skin -friction  drag.  A  conparlson  such  as  is  shown  in  Figure  18  can  be  nade.  Here 
the  Cq^  values  neasured  for  the  nodel  have  been  converted  into  a  skin-friction 
coefficient  Cg  ,  using  one-half  of  the  wetted  area  of  the  coaplete  nodel  as  a 
reference  instead  of  the  wing  area.  For  the  Reynolds  nunber,  a  problen  arises  as  to 
what  reference  length  should  be  used  in  order  to  conpare  the  wing-body  conblnation 
with  a  slnple  rectangular  flat  plate.  An  average  geonetric  chord  for  the  conplete 
wing  and  body  conblnation,  c^^  .  was  chosen,  and  it  appeared  to  be  1.5  tines  the 
nean  aerodynanlc  chord.  The  neasured  drag  points  with  free  transition  clearly 
exhibit  the  Influence  of  Rejmolds  nuid>er  on  the  transition  fron  laninar  to  turbulent 
boundary  layer.  The  results  with  fixed  trsnsition  agree  very  well  with  the  dotted 
line.  The  latter  represents  the  calculated  skin-friction  drag,  if  it  is  assuned  that 
the  boundary  layer  before  the  transition  wire  is  entirely  laninar  and  aft  of  the  wire 
entirely  turbulent*.  The  general  tendency  of  Figure  18  is  that  the  scatter  in  the 
subsonic  values  of  the  forebody  drag  is  for  the  nost  part  due  to  Remolds  effect. 

In  that  case  it  is  possible  to  elininate  the  Reynolds  effect  in  the  following 
analysis  by  subtracting  the  forebody  drag  at  M  =  0.8  fron  the  drag  at  the  other 
Mach  nunbers.  What  renains  is  a  conparlson  of  the  'transonic  drag  rise’ ,  the 


Fron  Figure  19  it  is  to  be  seen  that  the  results  of  several  tests  can  be  sub¬ 
divided  into  three  categories,  which  show  nutually  corresponding  results.  The  first 
category  (Fig.  19a)  contains  the  tests  A2.  HI  and  H2.  The  nodel  dinensions  of  test  A2 
sre  very  snail  in  relation  to  the  test  section  sines,  so  thst  the  test  can  be  con¬ 
sidered  to  be  interference  free.  Tests  HI  and  H3  were  nade  in  free  flight t.  The 
curve  drawn  through  the  neasured  points  of  these  tests  can  be  assuned  to  represent 
the  interference- free  transonic  drag  rise  and  is  therefore  taken  as  the  reference 
curve. 

A  nunber  of  tests,  nanely  Bl,  B2  and  B3  and  C2.  C2  and  (»  show  corresponding 
results  (Fig.  19b),  but  the  trend  of  the  transonic  drag  rise  is  flatter  than  for  the 


*  Of  HI  only  the  total  drag  was  know:  the  forebody  drag  was  oo^uted  bgr  sabtraotiag  the  irtitt 
drag  of  R2  fron  the  total  drag.  The  pressare  drag  of  the  stabilinetion  fiaa  of  HI  «id  R8 
was  aegleoted,  slaoe  the  fine  art  veiy  this. 

t  Ho  oorreetlon  has  beea  nade  for  oovrossibility  effects  which,  at  this  MMh  nnber,  are 
aesllgible. 
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reference  curve.  The  t«o  groups  B  end  C  have  been  performed  In  test  sections  with 
completely  different  well  systems;  only  the  blockage  ratio  of  the  models  Is  about 
the  same  (0.17ft  and  0.20ft  respectively).  Tests  A3  and  A4,  related  to  again  another 
wall  system  and  having  a  considerably  higher  blockage  ratio  (1.15ft),  show  the  same 
trend.  Tko  tests.  A1  and  C4,  show  the  same  tendency  but  to  a  greater  extent.  Test 
A1  has  been  performed  with  a  similar  wall  system  as  A3  and  A4;  test  C4  Is  related 
to  the  satfe  wall  system  as  Cl,  C2  and  C3.  The  blockage  ratio  for  this  category  Is 
2.5ft  and  1.6ft  respectively.  Generally,  It  may  be  said  that  a  higher  blockage  ratio 
gives  a  flatter  trend  of  the  transonic  drag  rise. 

In  Figure  20  a  comparison  of  all  the  available  data  with  the  reference  curve  Is 
given  and  the  following  points  are  noticeable; 

The  transonic  drag  rise  of  the  tests  Cl.  C2  and  C3  (Flg.20e)  show  a  flat  part  In 
the  curve  at  M  =  1.04  .  This  Is  probably  due  to  a  tunnel •wall  Interference 
effect,  more  of  which  will  be  said  In  Section  3.7. 

From  Figure  20g  It  appears  that  tests  D1  and  D2  (blockage  ratio  0.5ft)  give  results 
which  agree  with  the  reference  curve.  Test  D3  and  D4  (blockage  ratio  0.7ft)  give 
differing  results  (Flg.2()h).  but  agreement  Is  very  good  If  the  two  curves  are 
shifted  with  respect  to  each  other  over  a  Mach  number  range  of  0.03. 

The  transonic  drag  rise  of  test  El  (Fig. 201)  does  not  agree  very  well,  but  the 
total  drag  results  of  repeated  runs  are  Identical,  while  the  base  drag  results  are 
different.  So  the  base  drag  results,  and  therefore  the  forebody  drag  results, 
must  be  considered  suspect. 

In  pursuance  of  the  contact  with  N.R.C. ,  the  drag  data  of  tests  FI  and  F2  In  the 
range  M  =  1.0  and  M  =  1.35  must  be  excluded,  as  they  are  affected  by  shock 
reflections.  The  blockage  ratio  of  FI  and  F2  Is  0.6ft,  which  Is  considerably  lower 
than  Is  the  case  for  tests  A1  and  C4.  Up  to  a  Mach  number  of  1.05,  however,  the 
results  (Flg.20J)  show  the  same  tendency  as  the  curve  In  Figure  19c  (high  blockage 
ratio).  This  nay  be  due  to  the  fact  that  there  Is  only  one  slotted  liner,  located 
on  the  tunnel  side  wall  directly  opposite  to  the  side  wall  on  which  the  half-model 
Is  mounted. 

The  transonic  drag  rise  characteristic  of  test  01  (Fig.  20k)  does  not  show  an 
obvious  compressibility  effect. 

3.7  Base  Drag 

In  Figure  8  a  survey  Is  given  of  all  the  available  base  drag  data  for  (^  =  0 
and  there  Is  obviously  considerable  scatter.  Apart  from  wave  reflections,  the  effect 
of  which  will  be  apparent  In  a  Halted  region  of  supersonic  Mach  numbers,  the 
Important  parameters  for  the  base  drag  are  Reynolds  number  and  sting  geometry.  The 
effect  of  Reynolds  number  can  be  large.  If  the  transition  of  the  boundary  layer 
occurs  near  or  in  the  nixing  region  downstream  of  the  base.  For  the  tests  under  con¬ 
sideration  it  may  be  expected  that  the  transition  already  occurs  on  the  body,  with 
the  possible  exception  of  test  D3  (see  Fig.  18).  For  03,  however,  no  base  drag  data 
are  available.  Since,  in  the  other  tests,  the  boundary  layer  becoaas  turbulent  at  a 
certain  distance  before  the  base,  it  may  be  expected  that  the  influence  of  the 
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Resmolds  nuaiber  is  not  very  pronounced.  So,  it  is  logical  to  eoauiare  the  results  of 
those  tests  irtiieh  duplicated  the  sting  geoaetry,  as  specified  in  Reference  13,  aost 
closely,  unfortunately  these  tests.  Al,  A2,  A3,  A4.  Bl,  B2  and  B3,  do  not  shoe 
Butual  agreeaent. 

It  should  be  noticed  here  that,  apart  froa  the  factors  aentioned.  the  tunnel 
operating  conditions  aay  have  a  large  Influence  on  the  base  pressure.  In  transonic 
wind  tunnels  the  Mach  nuaber  distribution  can  be  drastically  affected  by  variation  in 
tunnel  pressure  ratio.  Thus  changes  in  tunnel  pressure  ratio  can  be  expected  to 
affect  base  drag  aeasureaents,  especially  when  the  aodel  is  large  and  its  base  is 
situated  in  the  aft  part  of  the  test  section.  No  data  on  this  were  available. 

However,  the  tests  with  the  largest  blockage  ratios  (Al,  A3.  A4,  C4  and  Bl)  are  the 
Bost  suspect. 

Purthenore,  there  exists  a  reasonable  doubt  of  the  results  of  the  following 
tests: 

04,  because  an  entirely  different  sting  was  used; 

El,  because  the  base  drag  measurenents  were  doubtful,  as  mentioned  in  Section  3.6; 

PI  and  P2,  because  these  are  for  a  half 'model  without  sting  and  because,  in  the 

range  M  =  1.0  to  M  =  1.35  .  the  measurements  are  affected  by  shock  reflections, 

as  already  mentioned; 

01,  because  the  base  drag  is  considerably  lower  than  in  one  of  the  other  tests. 

Prom  this  it  is  evident  that  a  reliable  reference  curve  cannot  be  found.  Therefore 
the  results  of  Pigure  8  are  represented  individually  in  Pigure  21  and  only  one  further 
ecament  remains. 

Although  the  sting  geometry  is  different,  agreement  was  found  between  the  results 
of  the  tests  Bl,  B2  and  B3  (Pig.21d)  and  Cl,  C2  and  C3  (Plg.21e).  Purthemore,  there 
is,  for  the  tests  Cl,  C2  and  C3  at  M  =  1.05  ,  a  point  lying  completely  outside  the 
curve.  This  may  be  due  to  a  shock  wave  reflection,  which  hits  the  base.  It  does  not 
seen  to  be  a  reflection  of  the  bow  wave,  but  the  suggestlco  is  ventured  that  a  shock 
wave  comes  from  the  leading  edge  of  the  test  support  and  reaches  the  model  after 
being  reflected  tqr  the  opposite  wall.  At  N  =  1.02  this  reflection  hits  the  model 
further  forward  on  the  wing.  This  may  be  an  explanation  of  the  flat  part  in  the 
transonic  drag  rise  curve  and  possibly  also  of  the  irregularities  at  this  Mach  nuaber 
for  the  data  on  lift,  lift-curve  slope,  moment,  and  neutral  point. 


4.  CONCLUSIONS 

The  paper  analyses  the  results  of  tests  at  transonic  speeds  in  various  wind 
tuimels  on  the  AOARO  Calibration  Model  B.  It  has  been  generally  found  that  the 
agreement  between  the  results  is  worse  then  the  experimenter  would  expect.  On  the 
other  hand  the  agreement  between  the  results  of  some  of  the  tests  allows  the  estab¬ 
lishment  of  reference  curves  that  to  a  certain  extent  represent  the  current  results, 
and  which  have  been  used  to  facilitate  a  further  comparison.  An  exception  is  made 
for  the  base  drag  data  where  no  correlation  is  evident. 
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The  data  points  that  disagree  forn  curves  that  are  soMtiaes  different  in  value, 
at  other  tines  different  in  trend.  Detailed  explanation  of  the  discrepancies  cannot 
be  given,  but  in  general  the  following  conclusions  can  be  drawn: 

Part  of  the  scatter,  and  even  sone  of  the  largest  differences,  are  very  probably 
caused  by  Inver feet ions  in  the  measurements. 

The  scatter  seems  to  be  partly  due  to  Reynolds  number.  Therefore  it  is  desirable 
to  test  at  sufficiently  high  Reynolds  number  or  with  fixed  transition  in  order  to 
obtain  results  that  are  suitable  for  comparison  of  the  qualities  of  the  wind 
tunnels. 

In  general,  differences  in  the  subsonic  values  of  the  forebody  drag  coefficient 
can  be  traced  as  the  influence  of  the  Reynolds  number  or  of  the  mthods,  if  any, 
of  fixing  transition  of  the  boundary  layer. 

The  model  does  not  seem  to  be  very  sensitive  to  tunnel-wall  interference.  This 
conclusion  applies  especially  to  the  lift  interference,  because  the  wing  area  is 
small  with  respect  to  the  model  size. 
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Omerftl  Da 


Teat 

Ref. 

InatitvLte 

Iftnd  Tunnel 

Ncme 

Test  Section 

Size 

Walls 

Open  % 

A1 

1 

A.E.D.C. 

Transonic  Model  Tunnel 

1  X  1  ft* 

WjM 

6 

A2 

B 

A«  B«  D*  C* 

PUT  Transonic  Circuit 

16  X  16  ft* 

6 

A3 

H 

A.E.D.C. 

PWT  Transonic  Circuit 

16  X  16  ft* 

6 

A4 

B 

A«  E«  D*  C* 

FIT  Transonic  Circuit 

16  X  16  ft* 

6 

B1 

Boeing 

Transonic  Wind  Tunnel 

8  X  12  ft* 

4  slotted 

11 

B2 

B 

Boeing 

Transonic  Wind  Tunnel 

8  X  12  ft* 

4  slotted 

11 

B3 

B 

Boeing 

Transonic  Wind  Tunnel 

8  X  12  ft* 

4  slotted 

11 

Cl 

5 

Transonic  Wind  Tunnel 

8  X  8  ft* 

4  perf. 

- 

C2 

5 

Transonic  Wind  Tunnel 

8  X  8  ft* 

4  perf. 

C3 

S 

Transonic  Wind  Tunnel 

8  X  8  ft* 

4  perf. 

- 

C4 

S 

Transonic  Wind  Tunnel 

8  X  8  ft* 

4  perf. 

• 

D1 

6 

O.N.E.R.A. 

Soufflerie  Courneuve 

0.28  X  0.28  a* 

4  perf. 

8 

6 

O.N.E.R.A. 

Soufflerie  Courneuve 

0.28  X  0.28  a* 

4  perf. 

8 

D3 

6 

O.N.B.R.A. 

Soufflerie  S  5  Chalais 

0.2  X  0.3  a* 

2  slotted 

- 

D4 

B 

O.N.E.R.A. 

Soufflerie  S  5  Chalais 

0.2  X  0.3  a* 

2  slotted 

- 

El 

H 

O.S.O. 

Transonic  Wind  Tunnel 

12  in.  X  12  in. 

4  perf. 

- 

PI 

B 

N.A.E. 

High  Speed  Wind  Tunnel 

30  in.  X  16  in. 

1  slotted! 

3 

n 

N.A.E. 

High  l^ed  Wind  Tunnel 

30  in.  X  16  in. 

1  slotted! 

3 

G1 

B 

A.V.A. 

Hochgeschwindigkeitkanal 

0.75  X  0.75  a* 

open  Jet 

100 

HI 

10 

N.A.C.A. 

H2 

11 

N.A.C.A. 

t 

IB  :  tMt  aactioo  width 
H  :  test  section  height 
L  :  Model  length 
b  :  wing  span 


D  ;  body  disneter 
d  :  sting  disaster 
1  :  length  of  straight  portion  of  s 
6  :  cone  angle  of  sting 
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TABLE  I 

General  Data  on  Nodela  and  Facilitlea 


Model 

Sting 

Reynolds 
Number 
Rmge 
(x  10"‘) 

Resuurks 

Section 

L/H 

b/H 

Blockage 

% 

Transition 

Seme 

Model 

d/D 

I/D 

d/2 

Vails 

Open  % 

4  perf.  • 

6 

1.4 

0.65 

2.5 

Natural 

1 

0.488 

5.6  ° 

1.6-2 

4  perf.  • 

6 

0.01 

Natural 

1 

0.488 

5.6  ® 

0. 7-1.2 

4  perf.* 

6 

0.95 

0.45 

1.15 

Natural 

1 

0.50 

1.11° 

8. 5-12 

4  perf.* 

6 

0. 95 

0. 45 

1.15 

0.025  in. 

1 

0.50 

1.11° 

8.5-12 

1  slotted 

11 

0.40 

0.13 

0. 17 

Natural 

0.483 

2.98 

2.94° 

2. 9-3. 4 

Model  nose 

1  slotted 

11 

0.40 

0.13 

0.17 

0.006  in. 

0.483 

2.98 

2.94° 

2. 9-3. 4 

slightly 

1  slotted 

11 

0.40 

0.13 

0.17 

0.014  in. 

0.483 

2.98 

2.94° 

2. 9-3. 4 

different 

4  perf. 

0.40 

0.19 

Natural 

0.50 

1.5 

- 

1.7 

4  perf. 

- 

0.40 

0.19 

Grit 

0.50 

1.5 

- 

1.7 

4  perf. 

- 

0.40 

0.19 

0.015  in. 

0.50 

1.5 

- 

1.7 

4  perf. 

• 

1.06 

0.50 

1.6 

0.015  in. 

- 

- 

- 

4.6 

Sting  eonfiguratloo  different 

4  perf. 

8 

0.60 

0.29 

Natural 

0.60 

2.2 

4° 

0.92 

4  perf. 

8 

0.29 

0.07  as 

0.60 

2.2 

n 

0.92 

2  slotted 

- 

0. 85 

0.27 

mm 

Natural 

0.60 

2.2 

D 

0.33 

2  slotted 

- 

0.85 

0.27 

0.07  an 

0.60 

2.2 

■9 

0.33 

4  perf. 

- 

0.89 

0.42 

1.12 

Natural 

0.40 

~5 

- 

1. 3-1.8 

slotted! 

3 

0. 51 

0.23 

0.6 

Natural 

1 

1. 4-1.6 

Half  aodel 

slotted! 

3 

0. 51 

0.23 

0.6 

0.020  in. 

1. 4-1.6 

Half  aodel 

(9en  jet 

100 

0.67 

0.31 

0.6 

Natural 

0.30 

2.7 

step 

1. 7-2.0 

Natural 

1.0-1. 5 

Free  flight 

Natural 

5.3-11 

Free  flight 

•  no  data  available 


r 

alght  portion  of  sting 
sting 


*  Inclined  holes 

t  Slotted  nail  opposite  the  side  nail  on  nhich  the  half>nodel  is  aounted 
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TABLE  II 


Aceuraesr  mi4  Bapeatabtlt^  of  tho  ■oooartaMts.  as  Stated  in  the  Betoreacea 


Test 

Au 

Aa 

AC. 

Remarks 

Al 

±0.002 

±  0. 10® 

±0.0140 

±0.0020 

• 

±0.0040 

±0.0005 

0.70  <  M  <  1.15 

Al 

±0.006 

±  0.10® 

±0.0100 

±0.0010 

- 

±0.0020 

±0.0002 

1.20  <  M  <  1.50 

A2 

±0.003 

±  0.30® 

±0.0150 

±0.0050 

- 

±0.0060 

±0.0020 

0.70  <  M  $  1.15 

A2 

±0.006 

±  0.30® 

±0.0100 

±0.0020 

- 

±0.0030 

±0.0010 

1.20  M  <  1.50 

A3,A4 

±0.003 

±  0.05® 

±0.0040 

±0.0020 

- 

±0.0030 

±0.0003 

0.70  <  M  <  1.10 

A3.A4 

±0.006 

±  0.05® 

±0.0040 

±0.0020 

- 

±0.0030 

±0.0003 

1.20  <  M  <  1.60 

B1.B2,B3 

- 

- 

- 

- 

- 

- 

- 

C1,C2.C3 

- 

±  0.10® 

±0.0021 

±0.0008 

• 

±0.0003 

. 

C4 

- 

±  0.10® 

±0.0037 

±0.0006 

•» 

±0.0008 

• 

D1.D2 

- 

- 

m 

- 

- 

- 

03.  D4 

• 

- 

- 

• 

• 

El 

- 

±  0.01® 

±0.0050 

±0.0050 

±0.0010 

±0.0015 

P1.P2 

±0. 020 

±  0.02® 

±0.0050 

±0.0007 

±0.0020 

±0.0002 

01 

- 

- 

• 

- 

- 

• 

H1.H2 

• 

• 

• 

• 

4» 

- 

•  no  data  ayallable 


Noten,  taken  frea  the  referencea: 

1.  The  accuracy  of  the  data  of  teata  Al.  A2,  A3  and  A4  haa  been  detemined  by 
coablning  the  errora  in  the  balance  read-out  aysten,  baae  preaaure  end  atreaa 
pareaetere  by  a  aethod  baaed  on  a  9Sft  level  and  a  noraal  error  diatributicn. 

3.  For  Cl.  C2  and  C3  the  tenting  procedure  reaulted  in  the  repetition  of  at  leant 
one  nodal  attitude  during  each  na.  froa  tdiich  an  eatinate  «aa  aade  of  the 
repeatability. 

3.  The  valuea  for  teat  B1  are  baaed  on  repeatability. 

4.  The  valuea  of  teata  n  and  n  are  eiavlea  of  typical  uncertaintiea. 


Wine  profile  ;  sTMMtrioel  oirouler  ere  eeetiaa.  IhiekneM  ratio  ■  0.04 

1  r 

Nose  profile  :  length  3  D.  Iquatioo  of  eunre  r  >  **  1  * 

®  L 

Radii  of  none  and  wing  leading  edgea  should  be  D/500. 
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Pif.2  Raynolds  nuaber,  taawl  on  mm  MrodynMie  chord,  versus  Much  nuabsr 
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Fig. 3  Lift  coefficient  venue  Much  nueber  for  all  available  testa 


Fig. 4  Lift  curve  slope  at  C|^  =  0  versus  Mach  nuaber  for  all  available  tests 
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Pig.  5  Pitching  loaent  Teraus  Mach  niuaber  for  all  available  testa 
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Fig. 8  Base  drag  coefficient  versus  Mach  number  for  all  available  tests 
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Fig.  9  Reference  curves  for  lift  coefficient  versus  Msch  ninber 
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Pig. 10 


CoaparlBon  of  data  with  reference  curves  for  lift 
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Pig.  10 


CcMgwrison  of  dtta  with 


reference  curves 


for  lift  (CGfitinued) 
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Pis.  11  Reference  curve  for  lift  curve  elope  at  =  0  versus  Mach  nunber 


Pif.  12  Coap«rison  of  data  with  reference  curve  for  lift-curve  slope  at  Cj^  = 


Pig.  12  Coaparison  of  data  with  reference  curve  for  lift*curve  slope  at  C|^  =  0 

(continued) 
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Pig.  13  Bxuples  of  lift-cunre  slope  Tsristion  with  angle  of  attack 
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Pig. 14  Reference  curves  for  pitching  aoMnt  coefficient  versus  Msch  ninber 
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Fig. 15  Coapgrison  of  dftta  with  reference  curves  for  pitching  onaent 
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Pig. 15  Coaparison  of  data  «ith  reference  curves  for  pitching  noaent  (continued) 
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Pig, 15  Coiparlson  of  data  with  reference  curves  for  pitching  aoaent  (continued) 


Fig. 15  Coaparlson  of  data  with  reference  curyes  for  pitching  aoaent  (continued) 
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Pig.  16  Reference  curve  for  neutral  point  at  C|^  =  0  versus  Itach  nuaber 
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Pig,  17  Coaparlsoo  of  data  with  reference  curve  for  neutral  point  at  = 


84 


iiiiiiiiij|jyil|iiiHjpiii|ig8ijg 

liyiiyyiyiyi 


. . 


iiiyyiyyiniii 


yw».  7S^r 


Cl 

Cz 


jSSS*  j«883  j 

HOshSII 

IHiHi 

lil 

\M 

•sStSai:.! 

S3S«  ««S«1 

yj;jj 

j::;:::::: 

iiii; 

pniippgiyppiiyiyiiii 
yiyui 


zizizt  ::S! 


7iixpasin3:;»»sm:;niiiui:uinx9?  ’':!:u;.4...a;;sui;n{is:;l 


tiisj  Is^sHlji  is*  li  *il*i  •  si  slljasi  f«i^iss««  ssssil^^S 

■  •••••$••  SSSSS  •*««  •••■»«  SSSSStlSSS  ^S«l(*SS«  »SSSS 

:;::::n: ::::::::::  :s::::::r: anissJSSussSS 


m 


siiiynmiiiiijigi 

laipy 

yiyiiyiiiiiiii!yyiiy:| 


jx  j|i  |s::j  iJiji  iHjj  I 
3i|i|i:jjij||j:Hj!l 

iH-Hiiy  iiyuyy  ^  iin:  shhih!  iiiy  iiiii  iiyiiiiii  I 

yyypigyimiyyni^ 


piilill? 


Pif.  17  Coaptrison  of  data  with  raferanca  curva  for  nautral  point  at  C|^  =  0 

(continuad) 
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Pig.  17  CoflgNirison  of  data  with  reference  curve  for  neutral  point  at  =  0 

(continued) 
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Pig.  19  Reference  curve  for  transonic  drag  rise  at  =  0  and  general  conparison 
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Pig. 20  Coaparison  of  data  with  reference  curve  for  transonic  drag  rise 
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Fig. 20  Coaptrison  of  d«t«  with  reference  curve  for  transonic  drag  rise  (continued) 
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Pig.  21  Sue  drag  coefficient  at  C, 


versus  Mach  nunber  (continued) 
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PAIT  III 


A  RIVIBW  OP  MEASUREMENTS  ON  A6ARD  CALIBRATION  MODEL  B 
IN  THE  MACH  NUMBER  RANGE  PROM  1.4  TO  8 

bar 

J.P.  Itartsulktr 


Ifatlonwl  Loobt-  m  ltaliit«Tiartltbor»torlai.  Aasttrdaa 


« 


SUMIAtV 


This  report  contains  a  survey  and  a  coivarison  of  the  results  froa 
tests  with  ACMRD  Calibration  Model  B  at  Mach  nuabers  between  1.4  and  8. 
The  data  include  tests  froa  various  wind  tunnels  and  in  free  flight,  for 
a  range  of  Reynolds  nuabers  between  10*  and  98  x  10*.  Models  with  and 
without  fixed  transition  of  the  boundary  layer  have  been  considered. 

flood  agreeaent  between  the  nurious  aeasuraaents  of  the  lift,  the 
pitching  aoaent  and  the  neutral  point  looation  has  been  found.  With 
respect  to  drag  aany  differences  exist,  seas  of  which  ‘can  be  explained. 
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A  lEVin  OP  IBASUtEMENTS  ON  AOABD  CALIBBATION  NOBEL  B 
IN  TIE  BACB  NUNBEB  BANBE  PBOB  1. 4  to  8 


1.  INTRODUCTION 

In  this  report  oeasurenents  with  AQARD  Calibration  Model  B  from  various  test 
facilities  and  in  free  flight  have  been  summarized.  The  available  data  of  drag,  lift, 
pitching  moment  and  neutral  point  location  have  been  compared  critically. 

The  Mach  number  range  ccesidered  is  from  M  =  1.4  up  to  M  =  8  .  The  tests  with 
AQARD  Model  B  below  M  =  1.4  have  been  reviewed  in  Part  II  of  this  AQAROograph. 


2.  MODELS 

AQARD  Calibration  Model  B  is  an  ogive*eyllnder  with  a  delta  wing  in  the  form  of  an 
eaullateral  triangle.  The  details  of  the  model  have  been  given  in  Reference  20;  a 
sketch  is  presented  in  Figure  1. 

A  large  number  of  model  sizes  has  been  used;  the  model  lengths  for  the  various 
tests  can  be  found  in  Table  I. 

In  Reference  20  it  is  recommended  that  a  ratio  of  sting  diameter  to  body  diameter 
of  O.S  be  used,  in  connection  with  a  sting  length  of  three  body  diameters.  However, 
many  tests  were  concluded  before  this  AQARD  specification  was  published  and  con¬ 
sequently  a  number  of  different  sting  dimensions  have  been  used  (see  Table  I). 

The  surface  roughness  of  the  model  has  only  been  specified  for  five  series  of  tests 
(Table  I).  To  induce  transition  it  is  recommended  in  Reference  20  that  trip  wires  of 
various  diameters  be  used  on  wings  and  body,  the  Reynolds  nuri>er  based  on  wire 
diameter  varying  from  500  to  10,000.  In  the  tests  reviewed  here  many  different  ways 
of  fixing  boundary  layer  transition  have  been  used;  a  survey  is  given  in  Table  II. 

for  free-fllght  tests,  the  models  were  fitted  with  vertical  fins  for  lateral 
stabilization  (half-scale  exposed  wings)  and  for  one  test  a  flow  angle  indicator  was 
mounted  on  the  nose. 


3.  RANQE  OF  TESTS 

The  tests  reviewed  here  have  been  made  in  a  Mach  number  range  from  1.4  to  8. 
Reynolds  numbers  based  on  body  length  covered  the  range  from  10*  to  98  x  10*. 

The  angle  of  Incidence  varied  for  the  tests  between  -11*’  snd  -^21°  (TSble  I). 

4.  TEST  FACILITIES 

The  results  have  been  obtained  partly  from  wind  tunnel  tests  and  partly  from  free- 
f light  measurements. 
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Table  I  gives  a  survey  of  the  test  facilities  used,  of  which  a  description  is,  in 
general,  available  in  the  references. 


5.  RESULTS  AND  DISCUSSION 
5.1  Base  Drag 

The  pressure  on  the  base  of  a  sting-supported  body  is,  in  general,  a  function  of 
Mach  nuaber,  Reynolds  nunber,  state  of  the  boundary  layer  and  mixing  region,  angle  of 
attack,  ratio  of  sting  diameter  to  body  diameter,  sting  length  and  windshield  angle. 

In  the  sped float lon^°  of  AOARD  Model  B,  the  following  sting  dimensions  are 
recommended:  d/D  =  0.5  and  1/D  =  3.0  ,  d  being  the  sting  diameter,  1  the  sting 
length  up  to  the  windshield  and  D  the  body  diameter. 

However,  many  tests  were  made  with  different  sting  dimensions,  partly  because  in 
an  earlier  specification  a  smaller  minimum  sting  length  was  specified  (1/D  =  1.5)  . 

The  ratio  1/D  varies  in  the  tests  reviewed  here  from  1.5  to  9.5,  the  ratio  d/D 
from  0.296  to  0.6  (see  Table  I). 

Several  investigators  have  considered  the  problem  of  sting-length  interference^ 

In  all  cases  a  critical  sting  length  was  found,  which  means  that  a  sting  length  below 
this  critical  value  will  Influence  the  base  pressure.  The  critical  sting  length 
varies  with  Mach  nunber  and  Reynolds  nuaber.  Schueler^  found,  from  measurements  with 
an  ACMRD  Model  B,  the  following  values  for  the  critical  sting  length  (for  d/D  =  0.296, 
windshield  angle  20°  and  with  turbulent  boundary  layer  approaching  the  model  base): 


M 

"l 

2 

2.2 

4.6  <  R^  X  10“*  <  13 

3 

1.9 

2.3  <  Rj^  X  10’‘  <  7 

4 

2.2  <  (1/D)„it  <  3.7 

2.3  <  R,^  X  10'*  <  5.7 

It  nay  be  concluded  therefore  that,  in  the  measurements  with  a  sting  length  ratio 
of  1/D  =  2  (a  value  that  borders  on  the  critical),  there  will  probably  be  sting- 
length  interference,  and  that  with  1/D  =  1.5  the  base  pressure  has  certainly  been 
influenced  by  the  sting  length. 

The  available  base  drag  data  at  aero  angle  of  attack  have  been  plotted  in 
Pigurea  2a-2J  as  a  function  of  R.  ,  for  constant  Mach  nunber.  Open  aynbols  are  used 
for  the  data  with  natural  transition.  The  closed  symbols  stand  for  fixed  transition 
and  half-closed  symbols  give  values  of  whidi  are  the  same  for  natural  and  for 
fixed  tmsition.  Solid  lines  have  been  drawn  through  those  measurements  with 
natural  tmsition  where  d/D  =  0.5  and  sting  lengths  are  certainly  larger  than 
critical  ( 1/D  >  3)  . 

Dashed  lines  have  been  drawn  for  the  data  with  d/D  =  0. 296  and  1/D  ^  3  ,  again 
with  natural  transition. 
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Proa  Figure  2  the  following  conclusions  cm  be  drswn  for  the  esse  of  nstursl 
trmsition: 

For  each  Mach  number  is  eonstmt  for  >  3  x  10*  (d/D  =  0.5).  For  small 
Reynolds  number  the  base  drag  decreases  gradually  with  decreasing  R,  .  This  is 
caused  by  the  fact  that  the  nixing  region  behind  the  model  becomes,  to  m 
increasing  extent,  laminar  as  R^  decreases. 

The  data  for  d/D  =  0.5  md  1/D  ^  3  correlate  well;  the  discrepmcies  cm,  for 
the  greater  part,  be  explained  by  the  accuracies  quoted  (0.0002  <  |  <  0.0013). 

The  base  drag  coefficient,  from  Reference  1,  where  the  ratios  d/D  =  0.5  md 
1/D  =  2.0  were  used,  correlate  well  with  the  data  for  longer  sting  length,  at 
Hach  numbers  M  =  2.0,  2.5  md  3.0  (Figs.2d-2f).  At  M  =  4.0  (Fig.2g),  however, 
the  drag  coefficients  are  about  ISR  higher  thm  the  data  found  with  longer  sting. 

This  could  be  due  to  sting  Imgth  interference.  As  mentioned  before,  Schueler^ 
found  in  this  rmge  of  Rejmolds  numbers  critical  sting  length  ratios 
between  2.2  md  3.7.  He  also  found  that  when,  at  M  =  4  ,  the  sting  length  is 
shortened  below  its  critical  value  the  base  drag  first  increases,  while  with 
further  decrease  in  1/D  the  base  drag  decreases  rapidly.  The  data  from 
Reference  3,  however,  where  the  same  sting  dimensions,  1/D  =  2.0  md  d/D  =  0.5  , 
were  used,  give  values  of  the  base  drag  coefficient  at  M  =  4.0  that  compare  very 
well  with  those  where  a  longer  sting  was  used  (Pig.2g). 

The  base  drag  data  from  the  Boeing  wind  tunnel  at  high  Reynolds  numbers^*  give 
lower  values  for  at  M  =  1.5  md  2.0  if  compared  with  other  measurements. 

This  again  nay  be  due  to  sting  length  interference  (1/D  =  1.5)  .  Notwitbstmding 
this  low  ratio,  no  effect  is  found  at  M  =  2.5  md  3.0  (Figs.2e  md  2f). 

The  bme  presaure  aemurements  on  a  half-model^*  give  values  of  that  are 
from  20  up  to  40%  lower  thm  the  bme  drag  of  a  complete  model  (Figs.  2a,  2b  md 
2d). 

The  free- flight  nemurenents**  give  5  to  10%  lower  values  of  thm  those 

nemured  in  the  wind  tunnel  (Figs.  2a,  2b  md  2c).  However,  no  direct  comparison 
with  the  other  data  cm  be  made  because  the  two  vertical  fins  were  placed  Just  in 
front  of  the  base,  and,  of  course,  there  is  no  sting  present. 

The  memuremmts  from  O.N.B.R.A.  **  give  rather  low  valum  of  at 
2  X  10*  <  R|^  <  3  X  10*  (Figs.  2a  and  2e).  This  is  in  agreement  with  the  trend 
that  Cqi,  decremea  when  R|^  becomes  lem  thm  3  x  10*  .  However,  no  direct 
comparison  cm  be  made  with  the  data  for  d/D  =  0.5  (solid  lines),  m  in  these 
tests  a  ratio  d/D  =  0.6  wm  used,  md  moreover  the  sting  length  is  not  known. 

Except  for  the  memuremmts  at  N  =  3.0  (Fig.2f),  the  tendmcy  is  that  Cq,, 
decreases  with  decreming  d/D  (Figs.  2d,  2e  md  2g).  This  is  in  agreemmt  with 
rmults  from  sting-diameter  interfermce  tmts  m  reported  in  Referraces  23  md  24. 

The  tests  with  fixed  transition  (closed  symbols)  show  the  tradmey  that  the  bme 
drag  is  decreased  men  the  boundary  layer  is  artificially  trimed.  This  is  in 
agreemmt  with  the  theory  of  Crocco  md  Lem**,  mich  predicts  that  the  bme 
pressure  is  increased  with  inereming  ratio  of  boundary  layer  thieknem  to  body 
diameter. 
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Finally,  the  base  drag  eoeffioients  for  d/D  =  0.5  and  1/D  ^3  for  R|^  >  3  x  10* 
(solid  lines  fros  Pigs.2a-2J)  have  been  plotted  In  Figure  3  versus  Mach  nusber. 

For  conparison,  the  seal ‘eapir leal  prediction  for  the  base  pressure  by  Love**  has 
been  plotted  in  the  sane  figure.  There  appears  to  be  good  agreenent,  especially  at 
high  Mach  numbers. 

5.2  Forebody  Drag  at. Zero  Lift 
5. 2.  i  General 

In  this  report  the  drag  of  the  body-wing  conbinatlon  corrected  for  zero-base  drag 
has  been  teraed  forebody  drag.  Strictly  speaking,  this  is  not  correct,  but  it 
appears  to  be  a  current  expression  which  is  conveniently  short^'*. 

The  forebody  drag  is  deterained  by  subtracting  the  base  drag  froa  the  aeasured 
total  drag.  Due  to  the  inaccuracies  of  their  aeasured  values  no  high  accuracy  in  the 
forebody  drag  coefficient  can  be  expected.  Values  of  inaccuracies  as  high  as 

ACq^  =  ±  0.003  are  quoted  (see  Table  III). 

The  forebody  drag  consists  of  pressure  drag,  friction  drag  and  (when  relatively 
large  roughnesses  are  applied  to  trip  the  boundary  layer)  ‘roughness’  drag.  is 

a  function  of  Mach  nunber,  Reynolds  nuid>er,  angle  of  attack,  roughness  size  and  the 
transition  point  of  the  boundary  layer  on  body  and  wings.  The  transition  point,  in 
its  turn,  is  deterained  by  such  factors  as  free  streaa  turbulence,  aodel-surface 
finish  and  ratio  of  wall  teaperature  to  free  streaa  tesperature. 

To  be  able  to  correlate  the  forebody  drag  coefficients  measured  in  different  wind 
tunnels,  it  is  necessary  to  know  the  position  of  the  transition  point  on  body  and 
wings.  However,  no  data  on  the  locatim  of  transition  are  available  in  the  various 
reports,  except  in  References  7  and  19,  where  transition  points  on  the  body  were 
obtained.  This  means  that  a  fairly  wide  scatter  in  the  values  for  can  be 

expected,  but  the  measured  drag  coefficients  should  lie  between  the  values  for  fully 
turbulent  and  for  fully  laminar  boundary  layer,  as  long  as  the  relative  size  of  the 
boundary  layer  trip  is  not  too  large. 

Tbe  forebody  drag  coefficients,  ®Df  at  zero  angle  of  attack,  have  been  plotted  in 
Figures  4a-4h,  as  a  function  of  R|^  ,  for  constant  Mach  number. 

Open  symbols  are  used  for  the  data  with  natural  transition,  the  closed  symbols 
denoting  fixed  transition. 

Further,  the  following  dashed  lines  have  been  drawn  in  Figure  4: 

Tbe  pressure  drag  of  tbe  body  alone.  This  drag  has  been  obtained  from  pressure 
measurements  on  the  body  at  Mach  numbers  from  1.6  to  2.4  (Ref. 16)  and  at  M  =  8 
(Ref. 8).  For  Mach  numbers  M  =  3,  4  and  5  the  pressure  drag  of  the  body  has  been 
interpolated  (see  Fig. 5).  For  comparison  a  theoretical  estimate  is  given  in  the 
same  figure,  which  has  been  derived  from  the  generalized  curves  of  Reference  27, 
sbich  were  obtained  by  the  application  of  similarity  laws  to  tbe  results  of  exact 
linearised  solutions  for  pointed  forebodies.  This  theoretical  estimate  is 
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appr«clably  lower  than  the  experinental  results.  Further  work  is  needed  to  exaaine 
this  discrepancy. 

The  pressure  drag  of  body  and  wings.  The  wing  drag  is  detenained  frow  the  theory 
of  Reference  26. 

The  forebody  drag  of  the  wing-body  eowbination  with  a  fully  laainar  boundary  layer. 
The  friction  drag  has  been  detenained  as  the  drag  of  an  equivalent  flat  plate 
with 


wetted  nodel  surface 

chord  =  - 

2(b  -  D)  +  D 

This  nethod  was  used  also  for  the  co^^ison  of  the  neasurenents  with  AQARD  Model  B 
in  the  transonic  speed  rani^^*.  It  appeared  that  only  very  sbaII  differences 
exist  between  the  results  obtained  with  this  anthod  and  those  obtained  with  a 
■ethod  where  wing  and  body  are  considered  separately.  Skin-friction  drag 
coefficients  for  eo^>ressible  flow  with  zero  heat  transfer  have  been  used, 
following  Reference  27. 

The  forebody  drag  of  the  wing- body  coabination  with  a  fully  turbulent  boundary 
layer.  The  friction  drag  was  detenained  as  the  drag  of  an  equivalent  flat  plate, 
in  the  sane  way  as  for  the  laminar  boundary  layer. 

It  should  be  stressed  here  that  the  estimated  curves  for  the  forebody  drag 
coefficient,  as  determined  in  this  way,  give  only  the  trend  of  variation  with  Reynolds 
number,  the  actual  values  not  being  very  accurate. 

5.2.2  Forebody  Drag  with  Natural  Transition 

Solid  lines  have  been  drawn  in  Figures  4d-4k  through  those  points  where  the 
Reynolds  number  was  varied  sufficiently  during  the  tests  to  give  a  drag-Reynolds 
number  curve  for  the  model-tunnel  combination  considered. 

Figure  4f  is  an  example  (M  =2.5)  .  Two  solid  lines  have  been  drawn  in  this 
figure,  giving  the  variation  of  with  Rj^  for  two  series  of  tests,  made  with 
different  models  and  in  different  wind  tunnels  at  A.I.D.C. It  is  clear  from  the 
figure  that  the  two  combinations  have  different  transition  Reynolds  numbers,  iriiioh  is 
also  shown  in  Reference  19. 

It  can  be  ooncluded  that,  in  order  to  be  able  to  correlate  the  data  of  the  fore¬ 
body  drag  coefficient  from  various  wind  tunnels,  it  is  necessary  to  know  the 
transition  location  in  the  boundary  layer.  However,  as  already  mentioned,  no  such 
data  are  provided  in  the  various  sources,  except  in  References  7  and  19. 

In  the  Mach  number  range  considered  here,  most  of  the  values  of  lie  some¬ 
where  between  the  estimated  laminar-drag  curve  and  a  line  that  is  somewhat  lower  than 
the  turbulent-drag  curve.  This  could  be  explained,  of  course,  by  the  fact  that  the 
boundary  layer  is  always  partly  laminar. 
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No  explanation  can  be  given  here  for  the  rather  low  value  for  at  M  =  1.6 
and  R|^  =  4  X  10*  (Pig.4e.  Ref.  14).  nor  for  the  low  value  of  at  M  =  2.5  and 

=  2.6  X  10^  (Pig.4f.  Ref. 14):  this  last  value  ia  even  lower  than  the  eatlwated 
pressure  drag  of  the  nodel. 

It  appeared,  however,  that  the  model  used  for  the  testa  in  the  Boeing  wind  tunnel 
has  a  nose  profile  that  does  not  eonfon  to  the  AOARD  specification  (see  Table  I, 

Ref. 14),  Because  of  this  error  the  drag  data  of  Reference  14  (Pigs. 2b,  2d,  2e  and  2f) 
■ust  be  considered  doubtful. 

The  available  data  on  forebody  drag  at  M  =  4  are  presented  in  Plgure  4h.  Nearly 
all  the  data  are  frow  tests  in  Tunnels  E-1  and  A  at  A.B.D.C.  Two  solid  lines  have 
been  drawn  in  the  figure,  one  for  the  tests  in  Tunnel  A,  as  reported  in  Reference  19, 
the  other  for  the  tests  in  Tunnel  B-1  (Ref. 3).  It  appears  that,  in  the  Reynolcto 
nuaber  range  between  1.5  x  10*  and  5  x  10*,  there  is  a  difference  between  the  two 
series  of  tests  of  approximately  15%  in  the  forebody  drag  coefficient. 

Other  data  from  Tunnel  E-1  (Ref.l)  give  values  of  for  three  Reynolds  numbers 

(see  Plg,4h).  The  measurements  in  this  ease  were  performed  with  the  same  nodel  as 
in  Reference  3.  It  is  interesting  to  note  that  only  the  value  of  at 
R|^  =  5  X  10*  agrees  with  the  measurements  of  Reference  3,  while  the  other  measured 
forebody  drag  coefficients  are  on  the  same  level  as  the  data**  from  Tunnel  A. 

In  general,  however,  it  appears  that  the  repeat  tests*  at  M  =  4  with  the  sane 
model  and  in  the  same  Tunnel  B-1  gave  hi^er  values  than  the  drag  results  presented 
in  Reference  1. 

Although  repeat  testa  were  not  made  at  M  =  5  ,  the  forebody  drag  coefficients 
also  appear  to  be  consistently  hiiAi  (Plg.4i.  Ref. 3). 

Between  the  tests  of  References  1  and  3  some  changes  to  the  tunnel  were  made; 

«  heater  was  installed,  together  with  a  mixing  chamber  with  baffles  and  screens. 
Moreover  the  settling-chamber  temperature  level  was  changed  from  between  -40°  and 
60°P  to  between  170  and  220°P. 

This  change  in  the  tunnel  and  in  the  test  conditions  could  well  account  for  the 
discrepancies  noted.  According  to  impublished  ARDC  data  the  installatimi  of  the 
nixing  chamber  resulted  in  a  reduction  of  the  transition  Reynolds  number  from 
3.5  X  10*  to  3  X  10*  for  a  5°  half-angle  cone  at  M  =  4.5  and  a  settling-chamber 
temperature  of  100°P. 

Another  factor  that  could  cause  the  higher  drag  results  is  the  fact  that  during 
the  repeat  tests  the  body  surface  roughness  was  somewhat  hi^er**. 

Of  particular  interest  in  correlating  the  forebody  drag  results  is  the  correlation 
obtained  with  models  of  near  identical  scale  which  were  tested  in  the  same  facility 
at  identical  test  conditions.  An  ABDC  model  (L  =  16.63  in.)  was  loaned  to  the  Jet 
Propulsion  Laboratory  for  their  test  program  which  also  included  tests  of  a  JPL 
nodel  (L  =  17.03  in.). 
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It  appears,  froa  Figures  4c  and  4e-4i  (Ref.  12),  that  the  drag  levels  obtained  with 
the  ABDC  aodel  are  consistently  high  and  that  th^  correspond  closely  with  the  values 
obtained  when  transition  was  fixed  on  the  JPL  aodel. 

The  sane  AEDC  16.63  in.  aodel  was  tested*  in  the  ADC  40  in.  supersonic  Tunnel  A. 
Coaparison  of  these  results  with  those^*  (m  a  49.3  in.  aodel  in  the  saae  Tunnel  A 
shows  again  that  the  data  obtained  on  the  16.62  in.  aodel  are  consistently  hiiii 
(see  Pigs.4g-4i). 

Exaaination  of  the  mdel  details  reveals  that  in  the  first  place  the  ratios  of 
radius  (disaster  D)  of  the  nose  and  leading  edge  of  the  wings  are  largest  for  the 
16.63  in.  model;  secondly,  the  local  profile  thickness  of  the  wings  forward  of  the 
aaziaua  thickness  is  larger  for  the  16.63  in.  aodel  than  for  the  17.03  in.  aodel  and, 
Ljirdly,  of  all  three  aodels  considered  the  average  surface  rouDness  is  largest  for 
the  16.63  in.  aodel  (S/x  in.  coapared  with  4  and  3/i  in.  for  the  other  aodels). 

It  is  possible  that  these  differences  in  aodel  details  are  responsible  for  the 
high  drag  levels  aeasured  on  the  ADC  16.63  in.  aodel. 

The  free-f light  tests^^  were  aade  with  a  aodel  equipped  with  two  vertical  fins  for 
stabilization,  with  a  pressure  probe  and  a  flow  angle  indicator  aounted  on  the  nose. 
The  dlaenslons  of  the  fins  are  half  those  of  the  wings.  The  forebody  drag  of  a  aodel 
without  probes  and  fins  will  be  soaewhat  lower  than  the  values  plotted  in  Figures 
4a-4d.  This  aeans  that,  for  the  body-wing  coabination  only,  a  value  for  the  forebody 
drag  coefficient  is  found  iriiieh  is  approxiaately  equal  to  the  estiaated  value  with  a 
coapletely  laainar  boundary  layer.  This  could  have  been  caused  by  the  stabilizing 
effect  on  the  boundary  layer  due  to  the  tberaal  lag  of  a  aodel  in  free  flight**. 

5,2.3  Forebody  Drag  with  Fixed  Transition 

The  boundary  layer  trips  that  are  used  in  the  present  tests  can  be  divided  into 
three  classes;  wires,  carborundua  and  strips.  A  survey  of  the  trips  used  in  the 
various  tests  is  given  in  Table  II. 


Co)  Wires 

It  is  recoaaended  in  the  AQAD  specification**  that  tests  be  done  with  wires  of 
various  disasters.  These  disasters  are  defined  by  the  values  500,  1000,  2000,  5000 
and  10,000  of  the  Reynolds  nuaber  based  on  wire  disaster  (R^^r,)  . 

The  increase  in  drag  due  to  the  use  of  a  wire  is  caused  in  the  first  place  by  the 
forward  aoveaent  of  the  transition  point  and,  with  larger  wire  disasters,  also  by  the 
drag  of  the  wire  itself.  However,  as  long  as  the  actual  location  of  transition  is 
not  known,  nothing  can  be  said  about  the  Increase  in  drag  that  aay  be  expected.  An 
illustration  of  the  effect  of  wire  size  on  drag  is  given  by  the  half-aodel  tests 
reported  in  Reference  15  at  M  =  1.6  (Fig. 4c).  Here  the  Reynolds  nuaber  based  on 
wire  disaster  varied  between  R^^^,  =  3000  and  =  7600  .  The  ratio  of  wire 

dlaaeter  to  local  profile  thickness  at  the  wing  root  varied  from  0.06  to  0.20.  With 
increasing  wire  size  the  drag  coefficient  beeoaes  larger,  the  largest  wire  diaaeter 
giving  a  soaewhat  higher  than  the  estiaated  value  with  fully  turbulent  boundary 
layer. 
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From  the  figures  it  may  be  concluded,  in  general,  that  all  measurements  with 
transition  induced  by  wires  (1500  <  ^  9000)  give  data  for  that  lie 

somewhere  within  the  expected  range,  between  the  value  of  without  wires  sad  the 
value  for  a  completely  turbulent  boundary  layer. 

(b)  Carborundum 

The  use  of  carborundum  as  a  boundary  layer  trip  results  in  an  increased  drag,  in 
the  first  place  due  to  the  forward  movement  of  the  transition  point  and  in  the  second 
place  (when  relatively  large  particles  are  used)  due  to  the  roughness  drag.  Therefore 
the  drag  could  be  dependent  on  such  parameters  as  Reynolds  number  based  on  particle 
diameter,  the  form  and  the  place  of  the  carborundum  strip,  the  distribution  of 
particles  and  the  ratio  of  particle  size  to  a  characteristic  model  dimension.  No 
attempt  has  been  made  to  compare  the  various  tests  with  carborundum,  as  no  systematic 
measurements  are  available. 

The  influence  of  carborundum  as  a  boundary  layer  trip  on  the  forebody  drag  is 
Illustrated  by  the  tests  of  Reference  13.  where  different  roughness  sizes  were  used 
(see  Fig. 4c  at  M  =  1.6  and  Fig. 4f  at  M  =  2.5  ). 

At  M  =  2.5  the  measured  value  for  Cq^  with  natural  transition  is  near  the 
estimated  laminar  value.  Four  tests  were  made  with  carborundum  on  the  body  only  and 
with  grit  numbers  varying  from  120  to  24.  (The  grit  number  denotes  the  approximate 
number  of  meshes  per  inch  of  the  sieves  used  to  select  the  different  sized  particles). 
With  Increasing  roughness.  increases  from  110  to  130%  of  its  value  without  a 

boundary  layer  trip.  Other  tests  were  performed  with  carborundum  also  on  the  wings 
in  a  band  0.15  in.  wide,  2  in.  from  the  leading  edge,  the  carborundum  on  the  body  being 
being  kept  the  same. 

Here  the  forebody  drag  varies  with  increasing  roughness  from  115%  to  as  much  as 
150%  of  the  value  with  no  rouidiness  added  on  the  wings. 

It  is  evident  from  Figure  4f  that  this  rapid  rise  in  forebody  drag  coefficient 
cannot  be  caused  by  the  foreward  movement  of  the  transition  point  on  the  wing  only, 
but  that  the  roughness  drag  plays  an  important  part.  This  must  be  due  to  the  large 
particle  sizes  collared  with  wing  dimensions.  Indeed,  at  the  lowest  grit  number,  the 
particles  that  are  pasted  on  the  upper  and  lower  surface  of  the  wings  are  of  the 
dimensions  as  the  local  profile  thickness  at  the  wing  root. 

The  other  tests  that  have  been  done  with  carborundum  as  a  boundary  layer  trip^ 
give  consistently  higher  values  for  Cg,  than  the  estimated  value  for  the  model  with 
a  completely  turbulent  boundary  layer  (Figs.4d>4f).  Here  again,  the  size  of  the 
applied  roughness  on  both  surfaces  of  the  wings  is  of  the  same  order  as  the  local 
wing  thickness  at  the  root.  Therefore  it  is  reasonable  to  assume  that  the  high  drag 
found  in  this  case  is  also  due  to  the  large  amount  of  roughness  drag. 

The  tests  of  Reference  5  at  N  =  1.4  and  1.5  show  a  slightly  smaller  forebody 
drag  with  fixed  transition  than  in  the  case  where  no  artificial  transition  was  used. 

In  these  tests  a  band  of  carborundum  was  used  on  the  wings  only  (see  also  Table  II). 

The  chuge  of  the  wing  drag  Is  caused  in  the  first  place  by  the  foreward  movement 
of  the  transition  point,  but  in  the  secmid  place  by  the  change  in  displacement 
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thickness  of  the  boundary  layer,  resulting  in  a  different  pressure  distribution  over 
the  wing.  Young’*  has  shown  that,  in  certain  oirouBstaaoes,  a  decrease  in  drag  of  a 
biconvex  profile  say  be  observed,  iriiich  is  (hie  to  this  change  in  effective  displace* 
■ent  of  the  surfboe.  It  is  possible  that  the  decrease  in  drag  found  in  the  tests 
■enticned  is  osused  by  such  a  phenoaenon. 

(c)  Strips 

In  one  series  of  tests’*  a  transition  strip,  3/16  in.  wide  and  2/100  in.  high,  was 
used  on  body  and  wings.  The  strips  on  the  wings  were  placed  1/4  in.  b^ind  the 
leading  edge  (wing  root  chord  2  in.). 

The  drag  coefficients  found  here  are  up  to  30%  higher  than  the  estimated  values 
with  fully  turbulent  boundary  layer  (see  Pigs. 4c,  4e  and  4f).  This  again  may  be  due 
to  the  rather  large  thickness  of  the  transition  strip  cospared  with  the  wing 
disenaions.  In  this  ease  the  thickness  of  the  strip  is  57%  of  the  local  thickness 
of  the  wing  at  the  root. 


5.2.4  Conclusions  Relating  to  Forebody  Drag 
The  following  conclusions  can  be  drawn: 

There  exists  a  large  scatter  in  the  various  neasurenents  of  the  forebody  drag 
coefficient.  This  scatter  i^pears  to  be  due  to  such  factors  as  Reynolds  number 
effects,  nodel  iaperfections  and  differences  in  wind  tunnel  installations  and  test 
conditions.  The  ranges  of  seasured  have  been  plotted  versus  M  in  figures. 

It  is  difficult  to  conpare  the  available  data  on  forebody  drag.  In  the  first 
place  because,  in  aany  of  the  tests,  the  Reynolds  number  was  not  varied  systemati¬ 
cally.  Secondly,  because  there  is.  in  general,  no  infonatlon  about  the  actual 
position  of  the  transiti(»  point  and  thirdly,  because  of  the  relatively  large 
boimdary  layer  trips  that  have  been  used  in  msny  eases. 

It  is  desirable  to  know  the  transition  point  location  in  all  eases. 

then  artificial  rouitfmess  is  used  to  induce  transition,  the  sise  of  the  roughness 
should  not  be  much  larger  than  the  mlniaus  roughness  dimension  necessary  to  fix 
transition  at  the  desired  position. 

S.3  Lift 

The  lift  of  ACMRD  Model  B  has  been  determined  over  a  wide  range  of  Reynolds  numbers. 
The  lift  could  be  dependent  on  Reynolds  number,  because  of  the  effect  of  this  para¬ 
meter  on  the  separation  of  the  boundary  layer.  However,  no  effect  of  Reynolds  number 
variation  on  the  lift  coefficient  could  be  traced. 

further,  the  lift  coefficient  appears  to  be  a  linear  function  of  the  angle  of 
attack,  up  to  about  8**.  At  higher  angles  there  is  a  slight  deviation  from  the 
strai^t  line  relationship.  The  relatively  few  measurements  that  are  available  in 
this  range  of  angles  of  attack  are  conpared  in  figure  7.  The  agreement  between  the 
various  measurements  appears  to  be  good. 
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In  Figure  8  the  slope  of  lift  curve  at  zero  angle  of  attack  has  been  plotted 
versus  Mach  nuaber.  The  agreeaent  between  the  nuaerous  aeasureaents  is  good,  with 
the  following  exceptions: 

at  M  =  1,5  ,  as  aeasured  in  the  transonic  wind  tunnels  at  A.E.D.C.  (Refs. 2 
and  4),  appears  to  be  about  6%  higher  than  the  other  data.  Examination  of  the 
basic  plot  of  versus  a  from  which  these  slopes  were  taken  indicated  that  the 
curves  are  slightly  non-linear  near  the  origin,  the  local  slope  being  approxlaately 
5%  lower  than  the  mean  slope.  The  higher  slopes  are  reproduced  in  Figure  8.  The 
reason  for  this  ncm- linearity  is  not  known,  but  it  nay  be  significant  that  these 
two  sets  of  data  were  obtained  with  the  same  model  and  balance. 

The  half-model  measurements*^  give  values  of  at  M  =  1.46  and  1.57  that  are 

about  SR  lover.  For  this  series  of  tests  Cl-  was  too  low  for  the  whole 
transmic  range,  as  compared  with  other  measurements^*. 

The  free-f light  measurements**  give  data  for  Cl-  that  are  SR  under  the  average 
value.  The  same  was  found  in  Reference  29  at  II  =  1.3  . 

S. 4  Pitching  Moment 

The  available  data  on  pltchlng-noaent  coefficient  have  been  plotted  in 
Figure  9  as  a  function  of  Mach  number  for  constant  lift  coefficient. 

The  centre  of  moments  has  been  taken  (as  specified  in  Ref. 20)  at  a  point  1.155  D 
ahead  of  the  trailing  edge  of  the  wing.  This  means  that  the  data  from  References  2, 

4,  5,  13  and  15,  where  a  different  reference  point  was  chosen,  have  been  converted. 
Undoubtedly  this  has  had  some  unfavourable  influence  on  the  accuracy  of  these  data. 

Further,  it  has  been  found  that  in  a  number  of  cases  the  moment  is  not  zero  for 
zero  lift.  These  measurements  (Refs.  2,  4,  5,  10  and  14)  have  been  corrected  by  a 
parallel  shift  of  the  curve  in  sud)  a  way  that  =  0  at  zero  lift. 

No  data  from  the  free-f light  tests  of  Reference  11  have  been  included,  as  the 
data  could  not  be  read  accurately  enough  in  that  report.  Due  to  the  scatter  in  the 
data  of  the  moment  coefficient  with  fixed  transition  in  References  13  and  15,  no  data 
from  these  reports  have  been  included. 

The  following  conclusions  can  be  drawn  from  Figure  9; 

With  the  exception  of  References  10  and  15,  the  scatter  of  data  with  natural 
transition  lies  within  the  maximum  quoted  inaccuracy  of  the  measurements 
( Ac,  =  t  0. 005)  .  In  view  of  this  the  agreement  in  moment  coefficient  appears 
to  be  good  for  the  various  measurements;  no  effect  of  Reynolds  number  can  be 
traced. 

Except  for  M  =  1.6  ,  the  data  of  Reference  10  give  consistently  too  high  values 
of  the  moment  coefficient.  The  cause  of  this  discrepancy  is  not  clear.  No 
explanation  can  be  given  either  for  the  behaviour  of  C,  as  a  function  of  M  for 
the  half-model  tests  of  Reference  15. 
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With  regard  to  artificial  transition,  the  following  points  ny  be  noted: 

No  influence  on  aoment  coefficient  is  found  when  wires  are  used  to  trip  the 
boundary  layer 

Depending  on  Mach  number,  angle  of  attack  and  particle  size,  the  data  with 
carborundum  on  body  and  wings*  give  values  of  that  are  up  to  10%  hiidier 
than  the  moment  coefficient  found  without  the  use  of  artificial  transition. 

No  Influence  of  carborundum  on  the  wings  only  has  been  found’. 

In  the  tests  of  Reference  10  a  rather  large  strip  (compared  with  model 
dimensions,  see  Table  II)  has  been  used  to  trip  the  boundary  layer.  Compared 
with  the  data  without  artificial  transition,  differences  up  to  20%  in  moment 
coefficient  have  been  measured  in  this  case.  It  seems  fair  to  attribute  this 
large  difference  to  the  relatively  large  size  of  the  trip  used. 

5. 5  Neutral  Point 

Por  zero  lift,  the  distance  of  the  neutral  point,  in  body  diameters  aft  of  the 
model  nose,  has  been  plotted  in  Figure  10  as  a  function  of  Mach  number. 

The  position  of  the  neutral  point  is  determined  by 


It  appears  from  Figure  10  that  there  exists  a  fair  agreement  in  the  results  for 
the  neutral  point,  the  position  of  which  appears  to  be  Independent  of  Reynolds  nuMber. 
This  could  be  expected,  as  this  parameter  could  only  be  significant  in  the  ease  of 
separation  of  the  boundary  layer,  that  is  at  higher  angles  of  attack.  For  the  same 
reason,  no  effect  of  the  fixing  of  the  transition  point  of  the  boundary  layer  has 
been  found. 


«.  CONCLUSIONS 

Tests  with  AQARD  Calibration  Model  B  in  various  wind  tunnels  and  in  free  flight 
have  been  critically  compared  in  the  Mach  number  range  from  1.4  to  8.  Many  dis¬ 
crepancies  between  the  results  of  these  tests  can  be  explained. 

The  following  conclusions  can  be  drawn: 

There  exists  a  vide  scatter  in  the  measured  values  of  the  total  drag  of  the  model 
at  aero  lift.  The  total  drag  has  been  divided  into  two  parts,  the  forebody  drag 
end  the  base  drag. 

Most  of  the  discrepancies  in  the  base  drag  coefficient  would  be  explained  by 
the  Influence  of  the  parameters  that  affect  the  base  pressure,  such  as  Mach 
number,  Reynolds  number,  and  ratios  of  sting  diameter  and  of  sting  length  to 
body  diameter. 

The  forebody  drag  coefficient  is  a  function  of  Mach  nuad>er,  Reynolds  number  and 
the  transition  point  of  the  boundary  layer. 
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The  transition  point  is  detemlned  by  such  factors  as  Rejmolds  nuaber,  free-strean 
turbulence,  nodel  surface  finish  and  ratio  of  wall  teaperature  to  free-streaa 
temperature.  Nearly  all  values  of  aeasured  forebody  drag  coefficient  with  natural 
transition  lie  between  the  estimated  values  for  fully  laainar  and  fully  turbulent 
boundary  layer;  however,  no  better  correlation  could  be  found  as  nothing  is  known 
about  the  actual  transition  point  of  the  boundary  layer  on  the  models  in  the 
different  wind  tunnels  or  in  free  flight. 

In  general  the  forebody-drag  coefficient  of  the  models  with  transition  fixed  by 
wires  (1500  <  <  9000)  lies  somewhere  in  the  expected  range,  l.e.  between 

the  measured  value  of  the  drag  of  the  model  without  wires  and  the  estimated  value 
for  a  fully  turbulent  boundary  layer. 

Transition  induced  by  carborundtn  on  body  and  wings  results,  in  several  cases,  in 
rather  high  values  of  the  forebody  drag  coefficient.  This  miidit  be  attributed  to 
the  relatively  large  particles  that  were  used. 

Good  agreement  has  been  found  in  the  results  of  the  measurements  of  lift,  pitching 
moment  and  neutral  point  position  of  the  nodel. 

With  regard  to  the  nodel  specification^”  the  following  points  nay  be  noted: 

(a)  The  radii  of  the  nose  and  wing  leading  edges  have  been  given  in  Reference  20 
as  D/500.  Obviously,  this  radius  cannot  be  constant  all  along  the  wing 
leading  edge.  For  most  of  the  tests  reviewed  here  it  is  not  known  how  the 
models  were  made  in  this  respect.  As  the  leading  edge  radii  nay  be  the  cause 
of  some  differences  in  the  measurements  (see  Section  5.2.2)  it  is  reconnended 
for  future  investigations  that  the  wing  leading  edges  are  made  in  the  saae  way 
as  in  References  8  and  19,  lAere  the  theoretical  root  chord  was  made  with  the 
specified  radius  of  D/500  but  the  remainder  of  the  wing  had  leading  edge  radii 
of  a  constant  percentage  of  the  local  chord. 

(b)  Sting  support  dimensions  of  d/D  =0.5  and  1/D  =  3  were  recommended  in  the 
specifications^”,  but  it  was  not  noted  that  these  criteria  should  apply  only 
to  the  case  of  turbulent  flow  approaching  the  base.  Future  investigations  at 
low  Reynolds  nuabers  and  at  hiidi  Mach  nuabers,  where  long  runs  of  laminar  flow 
are  encountered,  will  require  a  re-exaainaticn  of  these  criteria  (see  Ref. 7). 
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TABLE  I 


General  Data  on  Nodela  and  Facilities 


Model 

d/D 

Surface 

roughness 

Boundary 
,  layer 

M 

\  X  10-‘ 

a 

(degrees) 

Ref. 

Besiarks 

(fjL  in. ) 

trip 

tm 

2  to  10 

carborundun 

1.70-2.01-2.47-3.02-4.02 

2.6  to  22.0-3.1  to  18.7 

-4.5 

to  +8 

1 

3.8  to  16.2-3  to  13.0 

3.1  to  7.6 

0. 488 

- 

- 

1.40-1.50 

7. 2-6. 9 

-2 

to  +10 

0.5 

2  to  9 

- 

3.98-4.98 

1.6  to  4.3-1. 1  to  2.5 

-4 

to  +8 

0.488 

- 

- 

1.50 

3.7 

-4 

to  +10 

0.5 

- 

carborundun 

1.40-1.50-1.60 

29.4-28.7-28.0 

-4 

to  +9 

5 

0.5 

- 

- 

1.5-2. 0-3. 0-4. 0-5.1 

8 

- 

6 

0.296 

- 

- 

2. 0-3. 0-4.0 

varies  fron  1.1  to  13.2 

0 

■1 

1/D  varied  fron  1.21 

to  5.19 

- 

- 

8 

varies  fron  0.8  to  11.0 

-5 

to  +15 
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1.4  to  1.74 

7.1  to  11.7 

0 
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vertical  fins,  total 
drag  only  for  base 
pressure  teats 

• 

strip 

1.62-1.94-2.41 

3.0 

-6 

to  +6 

10 

1/D  =  3.6  and 

d/D  =  0.375 

- 

- 

• 

1.4  to  1.74 

9.6  to  16.0 

-2 

to  +3 

11 

vertical  fins 

3(rHB) 

vires 

1.65-2.01-2.47-3.01- 

3. 98-5. 00 

varies  fron  4.3  to  8.5 

-11 

to  +21 

12 

2  nodels 
(JPL  and  ABDC) 

nf 

- 

carborundun 

1.56-1.88-2.47-3.24 

4. 0-3. 6-2. 8-2.0 

-2.4  to  *2.1 

13 

0.5 

1.5-2. 0-2. 5-3. 0-3.5 

24. 7-24. 9-27. 9-31 . 9-37. 9 

-4 

to  6.2 

14 

nose  profile  different, 
curve  is  circle  with 
radius  9.2740 

- 

6-8(mB) 

wires 

1.46-1.57-1.78-2.03 

5.8-5. 7-5. 1-4.6 

-2 

to  +14 

15 

half  nodal 

0.6 

- 

wire 

1.44-1.61-1.80-2.04 

3. 3-3. 2-3. 0-2. 8-2. 3 

- 

16 

-2.47 

- 

- 

- 

2.14-3.20-4.26 

7.5 

- 

17 

- 

- 

1.4-1. 7-2. 0-2. 5-3.0 

4. 5-5. 2-5. 1-4. 5-3. 3 

-5 

to  +20 

18 

0.5 

4-15(m8) 

- 

2.5-3-4-5-6 

3.4  to  17-2.9  to  19- 
1.9  to  22-1.8  to  26- 

-4 

to  +10 

19 

4  to  15.5 

15.0  to  16.0 

0.2 

30 

not  included  as  the 
tests  were  of  a  very 
prelininary  nature 

0,5 

• 

• 

5  and  8 

12  and  22-6.5  and  11 

-4 

to  +8 

32 

A 

at 

M  =  5 

■f 

•5 

to  +18 

L 

at 

M  =  8 
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TABLE  III 

AeearMjr  aad  lepMitablllty  of  Doto 


Ref. 

A  M 

A  a 

up 

1 

±  0.04 

i  0.02® 

i  0.0029 

±  0.0004 

t  0.-0006 

±  0.0002 

i  0.0029 

t  0.005 

2 

t  0.006 

±  0.1® 

1  0.010 

- 

t  0.002 

±  0.0002 

±  0.003 

- 

3 

t  0.01 

±  0.01® 

t  0.0014 

±  0. 0002 

t  0.0008 

t  0.0005 

±  0.0016 

±  0.05 

4 

i  0.004 

±  0.3® 

t  0. 010 

- 

t  0.003 

t  0.001 

t  0.003 

- 

5 

±  0.010 

±  0.05® 

±  0.004 

- 

t  0.003 

:  '.0003 

t  0.002 

- 

6 

±  0.030 

±  0.06® 

t  0.0005 

±  0. 0008 

t  0.0005 

t  0.0013 

±  0.0005 

t  0.05 

7 

t  0.001 

- 

- 

- 

- 

Ap^/P  =  ±0.05 

- 

- 

8 

t  0.082 

- 

- 

- 

- 

- 

- 

- 

9 

t  O.OOS 

±  0.3® 

- 

t  0.001 

• 

- 

- 

- 

10 

t  0.001 

±  0.01® 

t  0.0004 

t  0.001 

- 

t  0.002 

t  0.0004 

• 

11 

- 

±  0.4® 

- 

- 

- 

- 

• 

• 

12 

- 

- 

t  0.0030 

t  0.0022 

- 

- 

±  0.0030 

- 

IS 

i  0.03 

±  0.02® 

i  0.005 

t  0.002 

- 

±  0.0002 

±  0.005 

• 

19 

- 

±  0.1® 

i  0.004 

- 

1  0.002 

- 

t  0.004 

- 

32 

t  0.08 

• 

i  0.0020 

±  0.0027 

- 

• 

±  0.0017 

- 

B— rko 

The  values  for  Am  represent  the  floe  uniformity  in  the  test  section  for  wind 
tunnel  measurements  (Refs.l,  2,  3,  4,  5,  6,  7,  8,  15  and  32). 

For  the  free 'flight  tests  (Refs. 9  and  10)  the  uncertainty  in  the  measurement 
of  M  is  given. 

In  this  table  only  the  maximum  quoted  inaccuracies  are  presented. 


Refs. 13  and  12 


Ref.  2 


Ref.  10 

Refs. 6,  16  and  19 
Refs. 4,  5,  9  and  IS  : 
Refs. 13,  14,  16, 

17  and  18  : 


in  terms  of  data  repeatability,  the  uncertainty  of  the 
data  being  determined  from  a  frequency  distribution  of  the 
scatter  in  all  the  repeat  data, 
errors  in  balance  read-out  system,  base  pressure  and 
stream  parameters  have  been  combined,  baaed  on  a  9S« 
confidence  level  and  a  normal  error  distribution, 
estimated  errors  combined  by  a  method  based  on  the  theory 
of  least  squares. 

maximum  uncertainties  of  the  computed  parameters, 
method  unknown. 

no  data  available. 


PiC.l  AOMU)  Calibration  Modal  B 
(Bef .  20) 

Wing  profile  :  syMetrleal  circular  arc  section.  Thickness  ratio  =  0.04 
Nose  profile  :  length  30.  Equation  of  curve:  r  =  ~  1  * 

3  L 

Badll  of  nose  and  wing  leading  edges  should  be  D/SOO. 
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Pig.  2  llie  Iwse  drag  coefficient  vereue  R|^  ,  for  constant  M  (a  =  0) 

(continued) 
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Plf.2  The  bwe  dni*  coefficient  Cp,,  yereus  .  for  constant  M  (a  =  0) 

(continued) 
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(continued) 
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Pig.  4  The  forebodjr  drag  coefficient  Cg,  versue  \  (a  =  0) 
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Pit,  7 


Tersiis  a  .  up  to  high  ancles  of  attack 
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Pig. 8  Slope  of  lift  curve  C,  versus 
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Pig.  10  Itaatiml  point  loention  nt  C,  =  0  Torsus 


PART  IV 


A  REVIEW  OP  MEASUREMENTS  ON  A6ARD  CALIBRATION  MODEL  C 
IN  THE  TRANSONIC  SPEED  RANGE 

by 

H.  Valk 


Nationul  Lucht-  en  RuintevaartlaboratoriuB.  AMterdaa 


SUMAIY 


This  report  contains  a  survey  and  a  conparlson  of  the  results  froa 
tests  with  AQARD  Calibration  Model  C  at  Mach  nunbers  between  0.7  and 
1.3.  The  available  data  Include  tests  In  different  wind  tunnels,  at 
different  Reynolds  nunbers  and  blockace  pereentaces,  on  nodels  with  and 
without  fixed  transition  of  the  boundary  layer. 

The  correspondence  between  the  results  of  the  various  tests  is  not 
very  satisfactory.  There  are  nany  differences  and  the  pitching  nonant, 
especially,  shows  large  discrepancies  in  value  and  in  trend.  Sons 
indications  are  given  of  the  probable  origina  of  the  discrepancies. 

More  tests  seen  to  be  desirable  to  achieve  better  agreanent. 
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NOTATION 


body  base  area,  =  (7r/4)D^ 
b  wing  span,  =  4D 

b'  horizontal  tail  span,  =  1.63D 

B  test  section  width 

c  Bean  aerodynanlc  chord,  =  2.309D 

c^,  average  gecaetrie  chord  of  wing-body-tall  conblnation, 

wetted  area  of  wing-body-tail  coabination 

=  -  =  1.25  c 

2(b  -  D)  +  wD  +  2b'  +  2h 

base  drag  coefficient,  =  -  (A|,/S)Cp|j 

forebody  drag 

Cn,  forebody  drag  coefficient,  =  - - -  =  -  Cpv 

qS 

ACq^  transmic  drag  rise  coefficient,  =  -  (C|)f)||.o^, 

total  drag 

Cn*  total  drag  coefficient,  =  - 

qS 

skin-friction  drag 

C,  skin  friction  drag  coefficient,  =  - - - - - 

*  q  X  half  wetted  area 

lift  coefficient,  =  lift/(qS) 

lift  curve  slope,  =  dCj^/da  (per  degree) 

pitching  aoaent  coefficient  about  50t  of  aean  aerodynaaic  chord  (arc), 
=  aoaent/(qSe) 

Cpi,  base  pressure  coefficient  relative  to  free  streaa  static  pressure, 

=  (p,,  -  p)q 

d  sting  disaster 

D  body  dlaaeter 

h  •  height  of  vertical  tail,  =  0.92D 

H  test  section  height 

I  length  of  cylindrical  portion  of  sting 
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I|i  distance  between  the  points  at  50ft  of  the  mean  aerodynaaie  chords  of  wing 

and  horizontal  tail,  =  2. 204  5 

L  length  of  oodel,  =  11.494  D 

M  liach  nuober 

■rc  aoment  reference  centre,  50ft  of  nean  aerodynaaie  chord  of  wing 

p  free  streaa  static  pressure 

P|,  base  pressure 

q  free  streaa  dynaaie  pressure,  = 

r  local  body  radius 

Re  Reynolds  nuaber  based  on  e 

Re'  Reynolds  nuaber  based  on  c^^ 

8  total  wing  area,  =  6.928 

V  free  streaa  velocity 

X  distance  along  body  axis 

distance  of  aoaent  reference  centre  aft  of  aodel  nose  in  body  diaaeters, 

=  5.943 

Xgp  distance  of  neutral  point  at  (^  =  0  aft  of  aodel  nose  in  body  diaaeters, 

=  Vc  - 

a  angle  of  attack 

6  cone  angle  of  sting 

p  free  streaa  density 
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A  REVIEI  OP  MEASUREMENTS  ON  ASARD  CALISRATION  MODEL  C 
IN  THE  TRANSONIC  SPEED  RANOE 


1.  INTRODUCTION 

AQARD  Calibration  Model  C  has  been  designed  primarily  for  testing  and  calibration 
in  the  transonic  speed  range.  It  is  identical  to  AGARD  Calibration  Model  B,  except 
that  the  body  is  extended  aft  over  1.5  body  diameters  and  vertical  and  horizontal 
tail  surfaces  have  been  added.  The  addition  of  a  horizontal  tall  may  make  it  easier 
to  detect  reflected  shock  waves  from  anomalies  in  the  pitching  moment  curves. 

This  report  contains  a  comparison  of  the  results  of  tests  at  Mach  numbers  between 
0.7  and  1.3.  The  available  data  were  taken  from  References  1-8.  The  data  were 
obtained  from  tests  in  several  wind  tunnels,  as  shown  in  Table  I. 


2.  APPARATUS 

2.1  Teat  Facilities 

The  most  significant  details  of  the  test  sections,  such  as  size,  wall  shape  and 
open  percentage,  are  shown  in  Table  I.  Further  details  of  the  test  facilities  are 
given  in  References  1-9  and  will  not  be  repeated  here. 

2.2  Models 

The  AQARD  Calibration  Model  C  is  shown  in  Figure  1  (see  also  Ref. 10).  The  model 
sizes  for  the  various  tests  in  relation  to  the  test  section  sizes  are  given  in 
Table  I. 

In  some  teats  the  transition  of  the  boundary  layer  was  fixed  by  wires  or 
carborundum  strips  at  1.5  body  diameters  aft  of  the  model  nose  and  on  both  sides  of 
the  wing,  the  horizontal  tail  and  the  vertical  tail  at  15%  of  the  local  chord.  A 
survey  of  the  transition  methods  used  is  given  in  Table  II. 

The  model  configuration  for  some  tests  deviated  from  the  prescribed  form  given  in 
Reference  10.  The  deviations  are  listed  in  Table  III. 

2.3  Msdel  Snpports 

The  ultimate  speciflcatlmi  of  the  sting  dimensions,  given  in  Reference  10,  was 
published  after  the  completion  of  many  tests,  and  a  number  of  different  sting  con¬ 
figurations  was  used.  The  sting  dimensions  for  the  various  tests  are  given  in 
Table  I. 
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3.  RESULTS  AND  DISCUSSION 
3. 1  General 

In  this  report  the  analysis  of  the  data  is  confined  to  a  Mach  number  range  of 
0.7  to  1.3.  This  range  covers  the  greater  part  of  the  available  measurements*.  The 
Reynolds  numbers  of  the  various  tests  are  shown  in  Figure  2  and  in  Table  I. 

Base  drag,  forebody  drag,  pitching  moment,  neutral  point,  lift  and  lift-curve 
slope  are  conpared.  The  coefficients  have  been  plotted  against  Mach  number. 

The  available  data  are  gathered  in  Figures  3-8.  Since  the  number  of  tests 
performed  in  the  transonic  wind  tunnel  of  the  N.L.R.  (Ref. 8)  clearly  exceeds  the 
number  ''f  tests  performed  in  the  other  wind  tunnels,  for  each  component  the  results 
of  Reference  8  and  the  other  references  are  presented  in  two  separate  figures,  in 
order  to  obtain  a  better  overall  picture.  With  the  exception  of  Figure  4,  reference 
curves  in  both  figures  facilitate  comparisont. 

Obviously,  there  is  considerable  scatter  in  the  results. 

The  factors  which,  in  general,  affect  the  data  cone  under  the  following  headings: 
(i)  Instrument  errors, 

(ii)  model  imperfections, 

(ill)  general  imperfections  of  the  tunnel  flow  (tunnel  wall  Interference  and  sting 
Interference  excepted), 

(iv)  tunnel-wall  Interference, 

(v)  sting  Interference, 

(Vi)  Reynolds  number  and  methods  of  fixing  boundary  layer  transition. 

Very  little  is  known  about  the  first  three  factors.  The  available  information 
about  accuracy  and  repeatability  of  the  measurements  is  shown  in  Table  IV.  Model 
imperfections  are  not  known,  with  the  exception  of  the  deviations  given  in  Table  III. 
Unless  stated  otherwise,  in  this  report  an  attempt  will  be  made  to  explain  the 
differences  caused  by  the  last  three  factors. 

The  procedure  followed  in  Reference  11  (the  analysis  report  on  ACMRO  Model  B  in 
the  transonic  speed  range)  was  to  try  to  take  into  account  the  foregoing  factors  in 
the  form  of  suitable  parameters  and  thus  to  select  corresponding  results.  Where  this 
procedure  succeeded,  so-called  ‘reference  curves’  were  established  and  the  other  data 


*  Only  a  few  tests  were  perforaed  at  hither  Mach  numbers  (in  Reference  1  up  to  1.4; 
in  Reference  3  up  to  1.6). 


t  The  choice  of  the  reference  carves  will  be  explained  in  the  followint  seeticns. 
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were  conpared  with  these  curves.  For  AQARD  Model  C,  however,  this  procedure  failed, 
because  of  the  poor  agreement  between  the  various  test  results  for  this  model. 

Since  Models  B  and  C  were  tested  in  several  wind  tunnels  under  the  same  conditions, 
some  of  the  results  for  both  models  could  be  compared.  In  view  of  the  correspondence 
between  the  two  models  it  may  be  expected  that  the  lift  and  drag  forces  will  be  of 
the  same  order.  The  moment  for  AQARD  Model  C  is  strongly  influenced  by  the  flow 
conditions  around  the  horizontal  tall  and  will  therefore  differ  significantly  from 
the  moment  obtained  for  AQARD  Model  B. 

Since  the  results  of  Reference  8  (tests  K1>K15)  all  come  from  one  wind  tunnel 
(NLR  transonic  wind  tunnel  HST)  it  was  possible  to  explain  some  of  the  effects  in 
these  results.  More  information  can  be  expected  from  this  source  when  N.L.R.  have 
completed  a  more  extensive  analysis,  which  is  still  in  hand. 

In  view  of  these  circumstances  this  report  should,  in  the  first  place,  be  con¬ 
sidered  as  a  collection  of  the  available  results.  The  discussions  should  be  regarded 
as  tentative  only,  with  the  object  of  detecting  the  more  obvious  effects.  Much 
remains  unexplained  that  nevertheless  deserves  explanation. 

3.2  Base  Drag 

In  Figure  3  a  survey  is  given  of  all  the  available  base  drag  data  for  C!j^  =  0  . 

In  general  the  important  parameters  for  the  base  drag  are; 

Reynolds  number  and  methods,  if  any,  of  fixing  boundary  layer  transition, 

sting  configuration*, 

imperfections,  if  any,  in  the  tunnel  flow  downstream  of  the  base 

shock  waves  and  shock  wave  reflections. 

The  effect  of  Reynolds  number  nay  be  large  if  the  transition  occurs  in  the  nixing 
region  or  Just  upstream  of  it.  For  the  tests  under  consideration  it  nay  be  expected 
that  transition  already  occurs  on  the  body.  Furthermore,  the  base  drag  is  generally 
slightly  influenced  by  the  thickness  of  the  boundary  layer.  A  small  Reynolds  number 
Influence  is  shown  in  Figure  9a,  where  the  results  of  tests  on  the  same  model,  but  at 
different  Reynolds  numbers,  are  compared  (tests  Kl,  K2,  K3  sad  K4).  With  transition 
fixed  no  narked  differences  are  apparent  (Pig, 9b,  tests  K5,  K6,  K7  and  K8). 

The  effect  of  the  length  of  the  cylindrical  portion  of  the  sting  is  demonstrated 
in  Figure  10,  where  the  corresponding  tests  n  and  KIS  for  the  same  model,  but  with 
different  sting  configurations,  are  compared.  The  effect  of  a  shorter  cylindrical 
portion  of  the  sting  (1.5  instead  of  3D),  shown  in  this  figure,  does  not  seem  large. 
The  influence  of  the  sting  configuration  disappears  at  supersonic  Msch  numbers. 


*  The  sting  is  defiasd  here  as  that  part  of  the  model  support  which  Is  specified  in  the 
AQARD  specification**’. 
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In  SOM  tests  the  sting  did  not  hsve  the  specified  disaeter,  but  it  did  not  sees 
possible  to  draw  positive  conclusions  about  the  effect  of  sting  diameter. 

Test  section  calibration  tests at  A.B.D.C.  have  shown  that  flow  Irregularities 
in  the  aft  part  of  the  test  section,  in  particular  due  to  the  model  support,  may 
affect  the  base  pressure,  even  if  the  base  is  located  at  a  position  where  the  flow  in 
the  empty  test  section  (no  model  support  system  installed)  is  undisturbed.  In  this 
case  disturbances  are  propagated  upstream  through  the  (subsonic)  wake.  It  is  obvious 
that  the  position  of  the  base  in  the  test  section  in  such  cases  may  be  an  important 
parameter. 

Care  should  be  given  to  a  possible  correlation  between  model  size  and  position  of 
the  base  in  the  test  section.  Such  a  correlation  may  lead  to  an  (indirect)  influence 
of  model  size  on  base  pressure.  Ibis  seems  to  be  the  main  explanation  of  the 
differences  in  Figure  11  (tests  K7,  K12,  K13  and  K14).  with  the  exceptlm,  however, 
of  the  Mach  number  range  between  1.0  and  1.1.  For  these  tests  the  boundary  layer 
transition  was  fixed  and  -  except  for  teat  K14  -  the  same  sting  configuration  was 
used.  In  the  subsonic  and  in  the  supersonic  region  above  II  =  1.1  the  more  down¬ 
stream  position  of  the  base  (larger  model)  resulted  in  a  lower  base  drag  (hi^er  base 
pressure).  The  largest  model  (test  K14)  was  placed  in  an  unusually  rearward  position. 
This  explanation  has  been  confirmed  in  a  recent  test  at  N.L.R.  (results  unpublished), 
where  test  K7  was  repeated  with  a  more  upstream  position  of  the  model,  in  such  a  way 
that  the  model  base  coincided  with  the  position  of  the  model  base  in  test  K12.  The 
base  drag  results  of  this  test  and  test  R12  show  better  agreement  (outside  the  region 
1.0  <  II  <  1.1)  . 

The  last  factor  which  remains  to  be  discussed  is  the  interaction  between  shock 
waves  and  reflected  shock  waves  and  the  mixing  region.  This  type  of  influence  is 
held  responsible  for  the  irregularities  in  the  curves  for  the  K-tests  of  Figure  11 
in  the  Mach  number  range  between  1.0  and  1.1,  though  a  detailed  explanation  of  the 
phenomena  is  lacking.  In  general,  shock  waves  nay  falsify  the  results  in  three  ways: 

shocks  belonging  to  the  model  (e.g.  bow  wave,  leading -edge  shock)  nay  reflect 

at  the  tunnel  walls  and  hit  the  rear  of  the  body, 

the  position  of  shocks  belonging  to  the  model  (e.g.  tall  shock  system,  body  shock) 

nay  be  influenced  by  the  vicinity  of  the  tunnel  walls, 

the  bow  wave  of  the  model  support  may  interfere  with  the  model  base. 

Clarification  of  these  effects  demands  schlieren  photographs  and  measurements  with 
very  small  intervals  between  the  successive  Mach  numbers. 

In  view  of  this  discussion,  it  may  be  expected  that,  of  the  NLR  results,  the 
results  obtained  with  the  smallest  model  are  the  most  reliable.  The  results  of  the 
tests  K9  and  112  (blockage  ratio  0.018%)  are  therefore  used  for  the  reference  curve 
in  Figure  3.  which  is  represented  by  the  dotted  line.  It  is  interesting  to  see  in 
Figure  12  the  agreement  between  the  base  drag  results  of  test  A2  (blockage  ratio 
0.01%)  and  the  tests  K9  and  K12. 
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In  Figure  13  the  available  results  of  the  tests,  with  the  exception  of  the  NLR 
results  already  presented,  are  given.  No  further  cosaent  about  these  results  Is 
available  at  present. 

3.3  Porebody  Drag 

The  forebody  drag  Is  obtained  by  subtracting  the  drag  due  to  the  base  from  the 
total  drag.  In  this  report  the  forebody  drag  Is  observed  only  at  =  0  ;  the 
results  are  presented  In  Figure  4. 

Because  the  aft  end  of  the  body  Is  entirely  cylindrical,  and  because  the  drag 
arising  from  Interference  between  the  base  and  the  tall  surfaces  can  be  considered 
negligible,  the  forebody  drag  nay  be  expected,  to  a  large  extent,  to  be  Independent  of 
the  phenomena  downstream  of  the  model. 

The  forebody  drag  c(Mislsts  of  pressure  drag  and  friction  drag.  As  In  Reference  11. 
It  Is  assumed  that  at  a  Mach  number  of  0.8  the  forebody  drag  Is  almost  completely 
caused  by  friction  forces.  The  friction  drag  coefficient  Is  dependent  on  the 
Reynolds  number  and  Is  only  slightly  Influenced  by  the  Mach  number  In  this  Mach  number 
range.  To  separate,  to  a  certain  extent,  the  Reynolds  number  effect  from  other 
effects,  the  drag  at  M  =  0.8  was  subtracted  from  the  forebody  drag.  The  remaining 
drag  was  termed  the  transonic  drag  rise. 

To  obtain  some  idea  of  the  value  of  the  friction  drag,  a  comparison  was  made 
between  the  friction  drag  and  the  drag  of  a  flat  plate  at  a  Mach  number  of  0.8.  For 
this  purpose  the  friction  coefficient  C.  has  been  converted  to  a  flat*plate  value 
by  using  half  of  the  total  wetted  area  of  the  model  as  a  reference  surface  instead 
of  the  wing  area.  The  problem  arose  as  to  what  reference  length  to  use  for  the 
Reynolds  number  in  order  to  compare  the  wing*tail>body  combination  with  a  sivle 
rectangular  flat  plate.  An  average  geometric  chord  for  the  complete  wing*tail*body 
combination  c^^  was  chosen.  The  choice  of  about  1.25  c  is  somewhat  arbitrary,  but 
is  acceptable  as  a  basis  for  comparison. 

In  Figure  14  the  skin  friction  values  are  plotted  against  Reynolds  number.  Since 
the  influence  of  compressibility  on  the  skin  friction  is  small  at  subsonic  Mach 
numbers,  no  correction  is  made  for  this  effect.  A  tendency  of  Reynolds  number 
Influence  on  the  results  obtained  with  natural  transition  is  not  clearly  detectable. 
The  ‘transition  fixed’  results  are  lower  than,  and  run  nearly  parallel  to.  the 
turbulent  value  of  the  flat  plate  friction  drag.  The  somewhat  high  value  for  test 
K12  is  due  to  a  relatively  thick  wire.  The  relatively  low  value  for  test  K5  is  due 
to  the  transition  wires  being  not  fully  effective  at  the  low  Reynolds  number  at  which 
the  model  was  tested. 

The  transonic  drag  rise  results  are  presented  together  in  Figure  15  and  more 
individually  in  Figure  16. 

The  reference  curve  for  the  K-tests  (dotted  line)  in  Figure  15  represents  the 
results  of  the  tests  with  a  small  model,  which  is  assumed  to  be  interference  free, 
(blockage  ratio  0.016%).  namely  test  K9  (natural  transition)  and  K12  (fixed 
transition). 
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The  results  of  the  tests  KIO  snd  K13  (Pigs.  161  snd  16J)  -  the  ‘transition  natural’ 
and  ‘transition  fixed’  results  for  a  aodel  also  having  a  relatively  saall  blockage 
ratio  (0.05%)  -  agree  fairly  well  with  this  reference  curve. 

The  transonic  drag  rise  results  of  the  tests  K1-K4  (natural  transition)  in 
Figure  16g  and  K5-K8  (fixed  transition)  in  Figure  16h  -  all  tests  performd  with  the 
sane  aodel  (blockage  ratio  0.16%)  but  at  different  Reynolds  nunbers  -  show  good 
agreeaent.  Reynolds  nuaber  and  artificial  transition  have  no  narked  influence  on  the 
behaviour  of  the  transonic  drag  rise.  The  transonic  drag  rise  of  this  aodel  is 
sonewhat  higher  than  the  transonic  drag  rise  of  the  reference  curve.  No  explanation 
for  this  phenonenon  can  be  offered. 

Test  Kll  (natural  transition,  blockage  ratio  0.32%)  in  Figure  16i  shows  good 
agreeaent  with  the  tents  Kl-KB;  however,  the  ‘transition  fixed’  results  for  the  sane 
aodel  (test  K14)  in  Figure  16J  show  a  lower  transonic  drag  rise,  but  the  cause  of  this 
is  not  known. 

The  sting  configuration  was  expected  to  have  no  narked  effect,  which  is  eonflrasd 
by  the  conparlson  of  the  tests  K7  and  K15  in  Figure  16k. 

At  several  establishnents  the  AQARD  Models  B  and  C  were  tested  under  the  sane 
conditions,  iriiich  nakes  it  Interesting  to  see  how  the  data  for  both  nodels  correspond. 

In  Figure  16a.  test  A2  (blockage  ratio  0.01%)  shows  a  saaller  transonic  drag  rise 
than  the  corresponding  test  on  AOARD  Model  B.  The  transonic  drag  rise  for  this 
relatively  saall  aodel  agrees  fairly  well  with  the  reference  curve  of  the  K«tests. 

The  transonic  drag  rise  curves  for  the  tests  A1  and  A3  in  Figure  16a  (blockage 
ratio  2.S%  and  1.15%).  B1  in  Figure  16b  (blockage  ratio  0.17%)  and  to  a  saaller 
extent  El  in  Figure  16e  (blockage  ratio  1. 12%)  are  sinilar  to  the  curves  for  the 
corresponding  tests  on  AQARO  Model  B  up  to  a  Mach  nuaber  of  about  1. 05.  The  aaxiaua 
in  the  transonic  drag  rise  for  these  tests  is  soaewhat  hiidier  than  was  obtained  for 
AQARO  Model  B.  This  type  of  agreeaent  does  not  exist  for  the  tests  01  snd  02  in 
Figure  16c  (blockage  ratio  0.5%)  and  03  and  04  in  Figure  16d  (blockage  ratio  0.7%). 

The  results  of  test  A3  are  in  good  agreeaent  with  the  results  of  the  tests  Kl-KB. 

For  Model  B  it  was  found  that  a  higher  blockage  ratio  tends  to  give  a  flatter 
transonic  drag  rise.  For  the  Model  C  it  does  not  yet  seen  possible  to  draw  any  con¬ 
clusions  about  the  effect  of  blockage  ratio,  nor  about  other  effects  on  the  transonic 
drag  rise. 

3. 4  Pitching  Moaeat 

3. 4. 1  General 

For  all  tests  the  aooent  coefficient  was  plotted  against  Mach  nuaber  for  three 
values  of  C|^  (0.  0.2  and  0.4).  At  higher  lift  Insufficient  data  are  available. 

Figure  5  shows  the  available  aooent  data.  There  is  a  considerable  scatter, 
appreciably  greater  than  the  scatter  in  the  aoaent  results  for  AQARO  Model  B. 

Obviously  a  substantial  part  of  the  scatter  is  due  to  the  horigontal  tail. 
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The  study  of  the  pitching  nooent  proved  to  be  the  most  difficult  part  of  the  task 
in  analysing  the  Vodel  C  results.  It  was  felt  that  this  was,  in  particular,  due  to 
the  fact  that  the  principal  factors  nentimed  in  Section  3.1  do  not  have  a  direct 
Influence  on  the  pitching  nonent,  but  work  through  the  interaedlary  of  certain  other 
factors.  Of  those  other  factors  the  base  pressure  and  the  downwash  appear  to  be 
iaportant.  With  these  factors,  the  effects  of  Reynolds  nuaber,  fixation  of 
transition,  sting  configuration,  flow  irregularities  and  aodel  iaperfectiona  are 
interrelated.  Only  the  effect  of  shock  wave  interaction  has  been  considered  directly. 
Therefore  this  section  has  been  subdivided  as  follows; 

Effect  of  base  pressure  (excluding  effects  due  to  shock  wave  interaction). 

Effect  of  downwash  distribution  of  the  wing. 

Effect  of  shock  wave  interaction. 

Concluding  resarks. 

The  relation  between  this  new  classification  and  the  nore  fundanental  one  of 
Section  3.1  is  provided  by  the  following  scheae.  This  scheae  (thou^,  with  the  data 
available,  it  could  not  be  confiraed  in  every  respect)  serves  as  a  basis  for  the 
discussion  of  the  pitching-aoaent  data. 

(i)  laperfection  of  tunnel  flow  in  the  aft  part  of  the  test  section  (as  aentioned 
in  Section  3.2). 

Influence  through:  base  pressure. 

(li)  Sting  Interference. 

Influence  through:  base  pressure. 

(ill)  Reynolds  nuaber  or  aethods  of  fixing  boundary  layer  transition. 

Influence  through: 
base  pressure 
downwash  distribution 

pressure  distribution  on  wing  and  horizontal  tail. 

(Iv)  Tunnel  wall  interference,  in  particular  shock  wave  Interaction. 

(V)  Model  inperfectiras,  in  particular  wing  nose  radius. 

Influence  through:  downwash  distribution. 

Tunnel  wall  Interference,  apart  froa  shock  wave  interactim,  could  not  be  traced. 

A  rough  estiaate  showed  that  lift  interference  on  the  aoaent  aust  be  extreaely  saall, 
because  of  the  relatively  saall  wing  area,  and  blockage  effects  on  the  aoaent  are  not 
to  be  expected. 

As  far  as  the  Reynolds  nuiber  effect  on  the  aoaent,  through  the  pressure  distrl* 
button  of  wing  and  horizontal  tail,  is  concerned,  it  is  very  likely  that  there  is  an 
effect,  also  in  view  of  the  ACMRO  Model  B  results^*.  However,  it  did  not  seen 
possible  to  separate  this  effect  froa  other  Reynolds  nuaber  effects,  so  this  point 
is  not  considered  in  the  following  discussions. 
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J.4.2  Influence  of  Base  Pressure 

(Excluding  Effects  Due  to  Shock  Wave  Interaction) 

Figure  5  shows  that  the  moment  for  (^  =  0  is  not  zero,  but  has  a  definite  value. 
This  is  because  the  horizontal  tail  is  located  in  the  expansicm  region  of  the  base*. 
The  effect  of  the  expansion  is  a  relative  decrease  of  the  pressure  at  the  lower  side 
of  the  horizontal  tall,  which  results  in  a  positive  moment.  A  low  base  pressure  is 
associated  with  a  strong  expansion  and  causes  a  high  positive  moment  and  a  high  base 
drag.  Consequently  there  is  a  relationship  between  the  results  for  the  moment  and 
for  the  base  drag.  A  significant  example  of  this  effect  will  be  found  in  the  com¬ 
parison  between  Figure  18  (C^  at  =  0)  and  Figure  11  (Cq|,)  with  regard  to 
tests  K7.  K12,  K13  and  K14.  To  be  excluded  from  this  comparison  is  the  Mach  number 
region  between  1.0  and  1.1  (for  the  largest  model  (test  K14)  also  M  =  1.15)  , 
because  in  this  region  shock  wave  interactions  nay  overshadow  the  base  pressure 
effect,  as  pointed  out  in  more  detail  in  Section  3.4.4.  For  the  other  data  points 
the  correspondance  between  at  C|^  =  0  and  is  narked.  A  rouidi  estimate 

of  the  relation  to  be  expected  between  differences  in  moment  and  base  drag  confirms 
that  the  experimental  differences  are  of  about  the  right  order  of  magnitude. 

The  other  available  comparisons  between  at  C|^  =  0  and  are  given  in 
the  table  below. 


Test 

Cob 

Other 

Factors 

(lament 

Al.  2.  3 

Fig.  20a 

Pig.  13a 

Reynolds  number,  fixing 
of  transition 

less 

convincing 

Kl,  2.  3.  4 

Fig.  19a 

Fig. 9a 

natural 

transition 

some 

agreement 
(not  for  K4) 

M.  6,  7.  8 

Fig.  19b 

Pig. 9b 

not 

conclusive 

(differences 

negligible) 

K7,  15 

Fig. 17 

Fig. 10 

effect  of  sting 
bow  wave 
(see  below) 

agreement  for 

M  <  1.0 

K9.  10,  11 

Fig.20f 

Fig. 13d 

natural 

transition 

reasonable 

agreement 

It  may  be  concluded  that  the  assumed  relationship  between  sad  exists. 
Therefore  the  conclusions  of  Section  3.2  about  base  drag  are  relevant  here. 


*  The  oontribatlon  of  the  drag  of  the  tall  surfaces  to  the 


It  say  be  nogleeted. 
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Sting  configuration* 

An  exanple  of  sting  interference  is  given  in  Figure  17.  For  the  tests  K7  and  K15 
the  same  nodel  with  trip  wires  was  used,  but  for  test  K15  the  nodel  was  supported  by 
a  sting  with  a  shorter  cylindrical  portion  (1.5  instead  of  3  body  dlaneters).  The 
monent  for  test  K15  is  lower  than  for  K7.  The  base  drag  results  for  both  nodels 
(Fig. 10)  show  a  siailar  difference  at  subsonic  Mach  numbers,  but  at  supersonic  Mach 
numbers  there  was  no  difference.  At  these  Mach  numbers,  shock  wave  interference 
between  the  horizontal  tail  and  the  nixing  region  has  been  established  by  schlieren 
pictures  (unpublished).  Possibly  the  sting  configuration  affects  this  interference 
and  thus  causes  a  difference  in  moment. 

Flow  irregularities  in  the  aft  part  of  the  test  sections 

In  Section  3.2  it  was  mentioned  that  flow  irregularities  in  the  aft  part  of  the 
test  section,  in  particular  due  to  the  nodel  support,  affect  the  base  pressure  even 
if  the  base  is  located  in  the  ^undisturbed'  flow  region.  The  position  of  the  base 
is  then  an  important  parameter. 

This  effect  is  illustrated  in  the  tests  K7,  K12,  K13  and  K14  (Fig.  18),  as  already 
discussed  in  Secticm  3.2  and  at  the  beginning  of  this  section.  It  is  interesting  to 
note  that  the  repetition  of  K7  (already  mentioned  in  Section  3.2)  with  a  more  up¬ 
stream  position  of  the  model  gave  results  (unpublished)  which  correspond  very 
satisfactorily  with  the  results  of  test  K12. 

Reynolds  nusAer  and  fixing  of  transition 

To  establish  the  Reynolds  number  effect,  the  same  model  was  tested  at  different 
stagnation  pressures  in  the  transonic  wind  tunnel  of  the  N.L.R.  (Fig. 19a:  tests  Kl, 
K2,  K3  and  K4).  These  tests  were  repeated  with  fixed  transition  of  the  boundary 
layer  (Fig.  19b:  tests  K5,  K6,  K7  and  K8).  It  appears  from  the  figures  that  the 
data  obtained  with  natural  transition  show  marked  differences,  while  the  data 
obtained  with  fixed  transition  agree  much  better.  In  the  supersonic  region  the 
differences  in  the  results  of  both  series  of  tests  are  of  the  same  order. 

The  effect  of  the  Reynolds  number  on  the  moment  was  partly  due  to  the  base 
pressure.  The  differences  in  the  subsonic  region  of  the  base  drag  for  the  tests  Kl, 
K2  and  K3  in  Figure  9a  are  in  proportion  to  the  differences  of  the  moment  for  these 
tests  at  C|^  =  0  in  Figure  19at.  The  rather  low  value  of  the  moment  in  test  K5  in 
Figure  19b  is  possibly  due  to  the  fact  that  the  transition  wire  was  not  fully 
effective  at  the  low  Reynolds  number  at  which  the  test  was  performed. 

3.^.3  Influence  of  Downwash  Distribution 

The  moment  at  higher  lift  coefficients  can  be  subdivided  into  a  contribution  from 
the  wlag  and  from  the  horizontal  tail.  Subtracting  from  the  measured  values  the 


*  The  sting  is  here  defined  as  that  part  of  the  model  support  which  is  weolfied  la  the 
AOARD  specif ioatiOB*^. 

t  However,  test  K4  does  not  agree  with  this  tendency. 
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contribution  of  the  wing,  which  can  be  estimated  from  Reference  11,  and  the  contri¬ 
bution  of  the  horizontal  tail  for  (^  =  0  .  there  remains  only  the  increment  of  the 
moment  due  to  the  incidence  of  the  horizontal  tail.  Prom  a  simple  calculation  it 
appears  that  there  must  be  an  ajvreclable  downwash  near  the  tail,  which  is  cmly  a 
little  smaller  than  the  angle  of  attack  of  the  model.  This  phenomenon  was  confirmed 
during  recent  tests  (results  unpublished)  at  the  N.L.R. ,  where  the  boundary  layer 
flow  was  visualized.  At  low  angles  of  attack,  up  to  about  2-3°,  the  streamlines  on 
the  upper  wing  and  tail  surfaces  were  in  the  same  direction  as  the  free  stream.  At 
an  angle  of  attack  of  about  4°  a  change  occurred  in  the  flow  pattern  on  the  wing. 

A  vortex,  caused  by  leading-edge  separation,  swept  the  boundary  layer  from  the  inner 
part  of  the  wing  towards  the  leading  edge.  At  higher  angles  of  attack  the  vortex 
moved  more  inside.  The  boundary  layer  flow  pattern  on  the  horizontal  tall,  however, 
did  not  change,  even  at  the  highest  angles  of  attack  in  the  test  (up  to  12°).  Thus 
the  effective  incidence  of  the  horizontal  tail  did  not  exceed  about  2-3°.  This 
magnitude  of  downwash  is  in  agreement  with  the  results  of  other  tests  on  delta  wings, 
as  mentioned  in  Reference  13. 

The  downwash  is  caused  mainly  by  the  vortex  which  leaves  the  wing  at  the  trailing 
edge.  The  lateral  distance  between  the  vortex  core  and  the  tail  is  relatively  small, 
especially  at  high  Incidences,  when  the  vortex  moves  more  inboard.  It  is  obvious 
that  small  variations  in  the  spanwise  location  of  the  vortex  will  produce  a  consider¬ 
able  change  in  downwash  at  the  tail  and  consequently  a  difference  in  pitching  moment. 
The  importance  of  the  influence  of  variations  in  downwash  near  the  tail  can  be  under¬ 
stood  from  the  fact  that  a  difference  in  effective  incidence  of  +  0. 1°  will  produce 
a  difference  in  moment  of  about  Ac^  =  -0.002  . 

Prom  Reference  14  it  is  known  that  the  leading-edge  nose  radius  is  an  i«>ortaat 
parameter  for  the  spanwise  position  of  the  vortex.  An  increase  of  the  nose  radius  is 
equivalent  to  a  more  outboard  position  of  the  vortex.  Consequently  the  downwash  near 
the  tall  decreases,  which  causes  a  lower  moment. 

In  Section  3.4.2  a  certain  agreement  was  found  between  the  Reynolds  number  effect 
on  the  base  drag  and  on  the  moment  at  =  0  in  Pigures  9a  and  19a.  At  angle  of 
attack  this  agreement  is  no  longer  i«parent.  It  is  assumed  that  the  effect  of 
Reynolds  number  at  angle  of  attack  also  occurs  by  virtue  of  the  downwash  distribution. 

J.4. 4  Influence  of  Shock  Wove  Interactione 

Reflected  shock  waves  nay  have  large  effects  on  the  pitching  moment,  if  they  are 
acting  on  or  upstream  of  the  horizontal  tail.  In  this  case  they  influence  the 
pressure  distribution  over  the  horizontal  tail,  which  leads  to  an  Increase  or 
decrease  of  the  moment.  On  the  other  hand  the  position  of  shock  waves  belonging  to 
the  model  (especially  the  body)  may  be  influenced  fay  the  vicinity  of  the  walls.  It 
is  very  difficult  to  trace  these  effects  from  the  moment  results,  because  the  effects 
of  the  factors  mentioned  in  Sections  3.4.2  and  3.4.3  already  result  in  an  irregular 
moment  curve.  Soreover,  the  intervals  between  the  Mach  numbers  at  whidi  the  models 
are  tested  are  not  usually  sufficiently  small. 

If  the  reflection  of  the  bow  wave  has  passed  the  model,  no  effects  of  shock  wave 
reflection  need  be  expected.  For  each  test  the  Mach  number  at  which  the  reflected 
bow  wave  has  passed  the  model  has  been  rouidily  determined.  The  results  are  given  in 
the  table  on  the  next  page. 
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Test 

Mach  Number 

Test 

Mach  number 

Al 

3 

J1 

1.40 

A2 

1.01 

J2 

1.02 

A3 

2 

K1-K8,  K12 

1.15 

B1 

1.10 

K9.  K12 

1.02 

Dl,  02 

1.35 

KIO,  K13 

1.05 

03,  04 

1.75 

Kll,  K14 

1.30 

El 

1.00 

Up  to  the  liaeh  number  quoted,  the  influence  of  shock  wsve  reflections  msy  be 
expected.  At  very  lov  supersonic  Msch  numbers  the  influence  csn  generslly  be 
neglected. 

At  s  further  stage  of  the  testing  of  this  model  it  might  be  as  well  to  study  the 
detailed  behaviour  of  the  shock  waves  around  the  model,  on  the  one  hand  Iqr  taking 
measurements  at  very  small  Intervals  of  Mach  number,  and  on  the  other  hand  by  taking 
sdilieren  pictures  and  pressure  measurements. 

3.4,5  Concluding  Remarks 

Resuming  general  discussion  of  the  pitching*noMnt  results,  it  can  be  said  that 
the  AGARD  Model  C  is  very  sensitive  in  so  far  as  the  moment  is  concerned,  the 
influence  both  of  the  base  pressure  and  of  the  downwash  of  the  wing.  Consequently 
the  model  is  very  sensitive  to  those  factors  that  influence  the  base  pressure  and 
the  downwash  of  the  wing,  which  have  already  been  mentioned  in  Section  3.4.1.  In  a 
certain  Mach  number  range  -  depending  cn  model  sise  •  shock  wave  position  and  shock 
wave  reflection  nay  have  a  large  influence. 

The  model,  however,  is  not  very  sensitive  to  lift  and  blockage  interference. 

With  the  present  model,  testing  can  only  be  considered  to  be  of  value  if: 

the  Reynolds  number  is  sufficiently  high  or  the  transition  of  the  boundary 
layer  is  fixed, 

the  sane  sting  configuration  is  used  (in  accordance  with  the  wecificatlon 
in  Reference  10). 

Another  conclusion  idiidi  can  be  drawn  is  that,  of  the  tests  K1-K15,  the  test  K12 
should  give  the  most  reliable  pitching  moment  results,  this  test  having  been  executed 
on  a  small  model  with  fixed  boundary  layer  transition.  The  results  of  test  K12  were 
therefore  used  for  the  establishment  of  the  reference  curve  in  Figure  5. 

Figure  20  presents  separately  the  pitching-moment  results  of  all  the  tests,  with 
the  exception  of  the  MLR  results  already  presented  in  earlier  figures.  Further 
explanations  cannot  be  given,  but  a  few  general  remarks  are  offered. 

Figure  20a  gives  the  curves  of  tests  Al,  A2  and  A3.  The  models  used  for  these 
tests  had  a  tail  configuratian  lAieh  deviated  as  described  in  Table  III.  This 
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elongated  the  distance  between  the  horizontal  tail  and  the  noment  reference  centre  by 
about  2%.  This  should  correspond  with  about  2f  increase  of  the  C^- value  at  C,  =  0. 
Moreover,  the  position  of  the  tail  with  respect  to  the  base  has  been  changed.  The 
effect  of  this  on  the  aosent  is  unknown,  but  it  can  be  aasused  that  the  rearward  shift 
of  the  tail  brings  a  larger  part  of  the  horizontal  tail  into  the  expansion  region  of 
the  base.  In  this  case  there  will  be  a  further  increase  in  soaent.  According  to 
A.E.D.C.  (unpublished  inforaatlon)  the  data  of  test  A2  are  not  considered  to  be 
highly  accurate.  The  aodel  was  subjected  to  'flow  angle  oscillations*^.  A.E.D.C. 
considered  the  aodel  for  test  A1  too  large  for  reliable  lift  and  aoaent,  the  blockage 
ratio  being  2.5%  (unpublished  Infomation). 

Figure  20e  presents  the  results  of  tests  Dl  and  D2.  According  to  Reference  5,  the 
horizontal  tall  span  is  saaller  than  was  prescribed  (see  Table  III).  The  contribution 
of  the  horizontal  tall  to  the  aoaent  should  therefore  be  about  20%  too  snail. 

The  differences  in  Figure  20f  (tests  KO-Kll)  are  due  to  a  superposition  of  the 
effects  aentioned  in  Sections  3.4.2,  3.4.3  and  3.4.4. 

3. 5  Neutral  Point 

For  =  0  the  distance  of  the  neutral  point,  in  body  dlaaeters  aft  of  the  aodel 
nose,  has  been  plotted  in  Figure  6. 

The  position  of  the  neutral  point  is  defined  by 


so  there  is  a  linear  relation  between  the  neutral  point  and  dC^dCj^  at  zero  lift. 
Since  the  general  agreenent  for  the  lift  data  is  nuch  better  than  for  the  aoaent  data 
(conpare  Sections  3.4  and  3.6),  differences  between  the  various  results  for  the 
neutral  point  aust  be  attributed  in  the  first  place  to  differences  in  the  aoaent 
results. 

In  Figure  21  the  results  of  tests  K1-K15  are  presented  in  four  groups.  Figures  21a 
and  21b  show  the  results  of  tests  on  the  saae  aodel,  but  at  varying  Reynolds  nuabers, 
with  natural  and  fixed  transition  of  the  boundary  layer  respectively.  Figures  21c 
and  21 d  refer  to  tests  on  four  node Is  of  different  siaes,  also  at  varying  Reynolds 
nuabers  and  with  natural  and  fixed  transition.  It  aivears  that  the  results  for  fixed 
transition  show  fair  agreeaent,  independent  of  the  aodel  size  and  the  Reynolds 
nuaber.  In  Figure  21d  there  are  narked  differences  only  between  the  Mach  nuabers 
1.0  and  1.1,  which  are  apparently  correlated  with  the  large  differences  in  base  drag 
in  that  region  (Fig. 11).  Tests  with  a  different  sting  configuration  •  E14  in 
Figure  21d  and  KIS  in  Figure  21b  -  also  show  the  saae  agreenent.  Thus  Reynolds 
nuaber  (including  the  fixing  of  b<Hindary  layer  transition)  has  the  aain  effect  on  the 
neutral  point,  irtiieh  aeans  that,  around  zero  angle  of  attack,  the  effect  of  the  other 
factors  on  the  aoaent  does  not  generally  change  with  angle  of  attack. 

In  Figures  21a  and  21c  a  tendency  to  a  downstreaa  shift  of  the  neutral  point  with 
decreasing  Reynolds  nuaber  is  apparent.  In  Section  3.4  it  has  been  aentioned  that 
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the  effect  of  the  Reynolds  nuaber  can  be  seen  as  an  influence  on  the  base  pressure, 
on  the  downwash  distribution,  and  -  possibly  -  on  the  pressure  distribution  over  the 
wing  sad  the  horizontal  tall.  Variations  in  base  pressure  appeared  to  be  of  alnor 
iaportance  for  the  neutral  point  (conpare  Figs.21d  and  11).  The  effect  of  the 
pressure  distribution  is  not  known,  but  it  is  not  thought  that  this  will  explain  the 
differences  between  the  neutral  point  data.  The  variation  of  downwash  with  angle  of 
attack  is  directly  related  to  the  position  of  the  neutral  point,  so  it  can  be  assuaed 
that  the  effect  of  Reynolds  nuaber  can  mostly  be  traced  as  the  effect  of  the  downwash. 
Piurthemore,  the  results  of  the  tests  K4  and  Kll  with  a  relatively  high  Reynolds 
number  (above  2  x  10^)  agree  fairly  well  with  the  transition  fixed  results. 

As  for  the  moaent  results,  the  results  of  test  K12  are  taken  as  the  reference 
curve  for  the  tests  K1-K15.  The  curve  agrees  rather  well  with  the  ‘transition  fixed* 
results  of  the  tests  Kl-KlS.  The  reference  curve  is  shown  in  Figure  6  as  a  dotted 
line. 

Figure  23  presents  the  neutral  point  data  of  all  the  tests,  with  the  exception  of 
the  N.L.R.  data  already  presented.  Figure  22  coapares  those  that  are  in  fair 
agreement  with  each  other.  This  refers  to  tests  with  fixed  transition  (D2  and  D4)  or 
tests  with  a  Reynolds  number  greater  than  2  x  10*  (B1  and  Jl).  These  results  come 
close  to  the  reference  curve  for  the  N.L.R.  tests.  No  cosment  can  be  made  on  the 
other  results. 

3.6  Lift 

For  all  the  tests  the  lift  coefficient  was  plotted  against  Mach  nuaber  in  Figure  7 
for  three  different  values  of  angle  of  attack,  0**,  4°  and  8**.  At  higher  angles  of 
attack  not  enough  data  are  available. 

The  scatter  in  Figure  7a  is  of  the  same  order  as  the  scatter  in  the  tests on 
AGARD  Model  B. 

The  reference  curves  for  the  NLR  tests  were  established  by  taking  the  mean 
value  of  tests  K1-K15  and  are  shown  in  Figure  7  as  dotted  lines. 

The  negative  lift  at  zero  angle  of  attack  is  caused  by  the  lift  contribution  of 
the  horizontal  tall.  The  horizontal  tail  contributions  to  the  lift  and  to  the  moment 
are  related  by  =  l„/cAC|^  ,  where  l„/c  =  2.2(H  .  So  the  large  differences  in 
moment  should  be  seen,  to  a  small  extent,  in  the  lift  results,  which  means  that  the 
agreement  for  the  lift  on  wing  alone  is  better  than  for  total  lift. 

In  Figure  24  the  results  of  Figure  7  are  given  individually.  A  comparison  with 
the  results  of  corresponding  tests on  AOARD  Model  B  shows  that  there  is  a  fair 
agreement  between  the  results  for  both  models  in  the  tests  Al,  A2  and  A3  (Fig. 24a). 

B1  (Fig.  24b)  and  El  (Fig.24d). 

As  for  AOARO  Model  B.  large  effects  of  tisinel>wall  Interference  on  lift  for  this 
model  are  not  likely,  because  the  wing  ares  is  relatively  small.  An  exception  should 
be  made  for  test  Al,  the  blockage  ratio  for  this  test  being  extreme  (2. SR).  Tunnels 
designed  to  provide  the  least  interference  over  a  wide  range  of  transonic  Mach  numbers 
behave  somewhat  like  open  Jet  tunnels  at  Mach  numbers  near  one.  Therefore  the 


158 


indicattd  Mach  nunber  ahould  be  corrected  (decreased)  as  a  function  of  aodel  sine*. 
3.7  Lift-Curve  Slope 

The  lift-curve  slope  is  taken  at  C|^  =  0  .  The  results  of  all  the  tests  are 
presented  in  Figure  8  and  are  shown  individually  in  Figure  25. 

Fros  Reference  8  it  appeared  that  the  results  of  the  MLR  tests  obtained  with 
natural  transition  of  the  boundary  layer  (Kl,  K2,  K3  and  K4  in  Fig.25g  and  IC9,  KIO 
and  Kll  in  Flg.25i)  show,  near  M  =  1  ,  the  sane  Irregularity  in  lift-curve  slope 
in  the  region  of  zero  angle  of  attack  as  appeared  in  several  tests  on  AQARD  Model  B. 

A  definite  trend  with  Reamolds  nunber  is  apparent;  conpare  Kl  and  K9  (Re  =0.6  x  10‘) 
with  K2  and  KIO  (Re  =1  x  lo*)  ,  with  K3  (Re  =  1.8  x  10*)  and  with  K4  and  Kll 
(Re  =  1.5x10*)  .  The  C|^-a  curves  for  fixed  transltic.  I.u.'e  nore  the  character  of 
a  straight  line,  although  a  short  change  in  lift-curve  slope  is  apparent.  The  dotted 
line  in  Figure  8  represents  the  nean  value  of  the  ‘transition  fixed’  results  of  the 
tests  K1-K15. 

Several  other  tests  also  show  this  irregularity  in  the  C|^-a  curves,  but  in  nost 
cases  in  the  references  a  snooth  line  was  drawn  through  the  neasured  points  because 
the  discrepancies  were  considered  to  be  within  the  accuracy  of  the  neasurenents. 

On  the  results  available,  it  does  not  seen  possible  to  give  a  further  explanation 
of  the  singularities  nentioned. 


4.  CONCLUSIONS 

The  present  analysis  gives  a  presentation  of  the  results  of  tests  on  ACMRD 
Calibration  Model  C  in  various  wind  tunnels.  It  is  apparent  that  the  correspondence 
between  the  results  of  the  various  tests  is  such  worse  than  would  nornally  be 
expected  -  or  hoped  for.  In  particular,  the  coaparison  of  the  nonent  shows  great 
differences  in  values  and  in  trends. 

Detailed  explanations  of  the  differences  could  not  be  given;  consequently  the 
analysis  had  to  be  confined  to  the  presentation  of  the  results  with  sow  tentative 
conclusions,  arising  winly  from  the  tests  K1-K15. 

Base  Drag 

(i)  The  base  drag  is  only  slightly  affected  by  the  Reynolds  nunber. 

(li)  The  effect  of  the  sting  configuration  is  snail,  but: 

(iii)  Flow  irregularities,  if  any,  in  the  aft  part  of  the  test  section  wy  have 
a  large  influence. 

(iv)  The  influence  of  shock  wave  interaction  is  inportant  in  a  certain  Mach 
nunber  range. 


*  Taken  frw  eorrewondenee  with  A.I.D.C. 
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Foreboefy  Drag 

(i)  Differences  in  the  subsonic  values  of  the  forebody  drag  are,  in  general,  due 
to  the  effect  of  the  Reynolds  nunber  or  of  the  aethods  of  fixing  the 
transition  of  the  boundary  layer. 

(ii)  An  effect  of  the  blockage  ratio  on  the  transonic  drag  rise  nay  exist,  but  a 
definite  trend  could  not  be  found. 

Pitching  Moment 

(1)  The  pitching  nonent  is  very  sensitive,  both  to  the  base  pressure  and  to  the 
domeash  distribution. 

(ii)  Within  a  definite  supersonic  Mach  nunber  range,  depending  on  the  relative 
nodel  size,  shock  wave  interaction  generally  has  an  appreciable  effect. 

(in')  No  direct  evidence  is  present  of  Reynolds  nunber  effect  due  to  the  pressure 
distribution  over  wing  and  horizontal  tail. 

(iv)  Tunnel-wall  (lift  and  blockage)  interference  could  not  be  traced. 

Neutral  Point 

(i)  The  neutral  point  is  especially  sensitive  to  Reynolds  nuiid>er,  through  the 
effect  of  the  Reynolds  nunber  on  the  downwash  distribution. 

(ii)  Other  factors  appear  to  have  only  a  snail  effect. 

(ill)  Results  obtained  fron  tests  with  ‘fixed  transition’,  or  with  a  sufficiently 
high  Reynolds  nunber,  show  fair  agreenent. 


(i)  The  agreenent  between  the  lift  results  is  about  the  sane  as  for  AGARD  Model  B. 

(ii)  Tunnel-wall  interference  could  not  be  traced;  an  exception  nay  be  test  Al 
(blockage  ratio  2.9ft). 

Lift-Curve  Slope 

(i)  In  the  region  around  =  0  slnilar  irregularities  in  the  lift-curve  slope 
are  found  as  for  AOARO  Model  B. 

Taking  these  conclusions  together,  the  essential  point  seens  to  be  that  AOARO 
Model  C  is  not  sensitive  to  tunnel  blockage  and  lift  interference  but,  on  the  other 
hand,  it  is  very  sensitive  to  several  other  factors,  largely  depending  on  the 
location  of  the  boundary  layer  transition  point  and  the  shape  of  the  nodel. 

The  fixing  of  the  boundary  layer  transition  has  a  favourable  effect  on  the  agree - 
■ent  of  the  results,  which  especially  anolies  to  the  NLR  results  in  this  report. 
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Important  features  of  the  model  shape  are  the  relatively  large  base  area  and  the 
location  of  the  horizontal  tail  with  respect  to  the  base.  Therefore  the  large 
differences  found  are  not  fully  representative  of  the  agreement  in  general  between 
the  results  of  measurements  in  different  transonic  wind  tunnels*. 

The  author  is  fully  aware  that  the  analysis  presented  here  is  far  from  cosplete. 
At  this  stage  only  an  Initial  approach  could  be  made,  but,  even  in  the  present  form, 
the  results  nay  prove  to  be  useful  for  certain  purposes. 
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Test 

Ref. 

Symbol 

Institute 

Wind  Tunnel 

Name 

Test  .Section 

Size 

trail 

A1 

1 

O 

A.  E.D.C. 

Transonic  Model  Tunnel 

1  X  1  ft* 

4  per 

A2 

2 

(8 

PWT  Transonic  Circuit 

16  X  16  ft* 

4  per: 

A3 

3 

• 

PUT  Transonic  Circuit 

16  X  16  ft* 

4  per 

B1 

B 

D 

- 1 

Boeing 

Transonic  Wind  Tunnel 

8  X  12  ft* 

4  slot 

■1 

5 

O.N.B.R.A. 

Soufflerie  Courneuve 

0.28  X  0.28  B* 

4  per 

mm 

5 

O.N.B.R.A. 

Soufflerle  Courneuve 

0.28  X  0.28  B* 

4  per 

5 

O.N.B.R.A. 

Soufflerie  85  Chalals 

2  slot 

D4 

S 

O.N.B.R.  A. 

Soufflerie  S5  Chalaia 

0.2  X  0.3  B* 

2  slot 

El 

6 

+ 

O.S.U. 

Transonic  Wind  Ihnnel 

12  in.  X  12  in. 

4  per 

n 

n 

U.A.C. 

Transonic  Wind  Tunnel 

17  in.  X  17  in. 

4  per 

■3 

n 

4 

U.A.C. 

Subsonic  Wind  Tunnel 

8  X  8  ft* 

soil 

la 

8 

N.L.R. 

Transonic  Wind  Tunnel  HST 

1.6  X  2.0  B* 

2  slot 

8 

mm 

N.L.R. 

Transonic  Wind  Tunnel  HST 

1.6  X  2.0  B* 

2  slot 

■9 

8 

BS 

N.L.R. 

Transonic  Wind  Tunnel  HST 

1.6  X  2.0  B* 

2  slot 

K4 

8 

■■ 

N.L.R. 

Transonic  Wind  Tunnel  HST 

1.6  X  2.0  B* 

2  slot 

K5 

n 

N.L.R. 

Transonic  Wind  Tunnel  HST 

1.6  X  2.0  B* 

2  slot 

KB 

KB 

N.L.R. 

Transonic  Wind  Tunnel  HST 

1.6  X  2.0  B* 

2  slot 

K7 

Bfl 

N.L.R. 

Transonic  Wind  Tunnel  HST 

1.6  X  2.0  B* 

2  slot 

mm 

KB 

N.L.R. 

Transonic  Wind  Tunnel  HST 

1.6  X  2.0  B* 

2  slot 

wm 

8 

MM 

N.L.R. 

Transonic  Wind  Tunnel  HST 

2  slot 

KIO 

8 

N.L.R. 

Transonic  Wind  Tunnel  HST 

2  slot 

Ell 

8 

Rfl 

N.L.R. 

Transonic  Wind  Tunnel  HST 

iltKtrl 

2  slot 

ia 

8 

□  1 

N.L.R. 

Transonic  Wind  Tunnel  HST 

■igUM 

2  slot 

Ea 

8 

■■ 

N.L.R. 

Transonic  Wind  Tunnel  HST 

2  slot 

K14 

8 

N.L.R. 

Transonic  Wind  Tunnel  HST 

2  slot 

E15 

8 

u 

N.L.R. 

Transonic  Wind  Tunnel  HST 

2  slot 

H  :  test  section  height  D  :  bo< 

B  :  test  section  width  d  :  st 

L  :  nodel  length  I  ;  lei 

b  :  wing  span  6  :  cot 


TABLE  I 


General  Data  on  Modela  and  Pacilltlea 


innel 

Model 

Sting 

Reynolds 

Test  Section 

n 

L/H 

b/B 

Blockage 

Transition 

d/D 

I/D 

<9/2 

Nusdzer 

Range 

Remarks 

(see  also  Table  III) 

Size 

mis 

Open  % 

% 

(see  Table  II) 

(x  10'‘) 

X  1  ft^ 

4  perf.  * 

6 

1.956  in. 

M 

0.65 

2.5 

natural 

IS 

m 

1.6-2 

Different 

X  16  ft^ 

4  perf.* 

6 

1.956  in. 

0.04 

0.01 

natural 

ra 

B9 

0.7-1. 2 

tail  configuration 

X  16  ft* 

4  perf.  * 

6 

21.6  in. 

1.3 

0.45 

1.15 

carborunduB 

1.58 

1.11° 

8. 5-1.2 

X  12  ft* 

4  slotted 

11 

4.559  in. 

0.17 

natural 

m 

1.48 

2.94° 

2. 9-3. 4 

Sliiditly  different 
Bodel  nose 

X  0.28  in* 

4  perf. 

8 

0.29 

natural 

0.60 

B 

4° 

0.92 

Different 

X  0.28  m* 

4  perf. 

8 

0.29 

B^i 

wire 

0.60 

H 

4° 

0.92 

tail  configuration 

X  0.3  m* 

2  slotted 

- 

20  BB 

1.15 

0. 27 

natural 

0.60 

B 

4° 

0.33 

X  0.3  m* 

2  slotted 

- 

20  BB 

1.15 

0.27 

wire 

0.60 

H 

4° 

0.33 

1.  X  12  in. 

4  perf. 

- 

1.25  in. 

1.2 

1.12 

natural 

3.5 

- 

1.3-1. 9 

1.  X  17  in. 

4  perf. 

■■ 

1.25  in. 

natural 

0.765 

HI! 

EEH 

1.8-3. 3 

X  8  ft* 

solid 

mm 

1.25  in. 

m 

HH 

natural 

0.765 

S 

1.0-1. 1 

X  2.0  111* 

2  slotted 

n 

70  Ba 

0.50 

0. 14 

IKH 

natural 

0.50 

5° 

0.5-0. 8 

X  2.0  m* 

2  slotted 

70  aa 

0.50 

0.14 

mjm 

natural 

0.50 

5° 

0.8-1. 1 

X  2.0  m* 

2  slotted 

mm 

70  aa 

0.50 

0.14 

BH 

natural 

0.50 

pjii 

5° 

1. 5-2.1 

X  2.0  B* 

2  slotted 

Hi 

70  aa 

0.50 

0. 14 

iStI 

natural 

0.50 

pjf 

5° 

2. 3- 2. 9 

X  2.0  m* 

2  slotted 

n 

0.50 

0.14 

wire 

0.50 

icfT 

5° 

0.5-0. 8 

X  2.0  B* 

2  slotted 

0.50 

0.14 

wire 

0.50 

EK* 

5° 

0.8-1. 1 

X  2.0  B* 

2  slotted 

mm 

0.50 

0. 14 

wire 

0.50 

nr 

5° 

1. 5-2.1 

X  2. 0  B* 

2  slotted 

Hi 

0.50 

0.14 

ES9 

wire 

0.50 

nr 

HI 

2. 3-2. 9 

X  2.0  B* 

2  slotted 

n 

22  aa 

0. 16 

natural 

0.50 

nr 

5° 

0.5-0. 7 

X  2.0  B* 

2  slotted 

mm 

40  Ba 

0.29 

natural 

0.50 

nr 

5° 

0.9-1. 2 

X  2.0  B* 

2  slotted 

H 

100  aa 

0.72 

qQ 

natural 

0.50 

1.5 

5° 

2. 0-2. 8 

Bm 

2  slotted 

n 

22  aa 

0. 16 

mwifm 

wire 

0.50 

n 

HJla 

2  slotted 

40  aa 

0.29 

0.08 

wire 

0.50 

B 

tEy9 

2  slotted 

mm 

100  aa 

0.72 

nn 

wire 

0.50 

QQ 

2. 0-2.8 

BU 

2  slotted 

n 

70  aa 

0.50 

0.14 

lEI 

wire 

0.50 

ta 

n 

1. 5-2.1 

D  :  body  diaaeter 
d  :  sting  diaaeter 

I  :  length  of  cylindrical  portion  of  sting 
B  ;  cone  angle  of  sting  ^ 


no  data  available 
inclined  holes 
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TABLE  II 

Boundary  Layer  Trips 


Teat 

Method 

Relative 

Thickness* 

Restarka 

A3 

Carborundun  No.  60, 

0. 02 

no  trip  on  body 

D2 

height  0.025  in.,  width  1%  chord 
wire,  d  =  0.07  nn 

0.07 

D4 

wire,  d  =  0. 07  mn 

0.07 

KS,  K6,  XT. 
KB.  KIS 

wire,  d  =  0. 25  nn 

0.07 

K12 

wire,  d  =  0. 15  nn 

0.13 

K13 

wire,  d  =  0. 20  nn 

0.09 

K14 

wire,  d  =  0.25  nun 

0.05 

*  Relative  thlokaeee  >  trip  helgiit  divided  by  vlag  root  thlokaese  at  15%  chord 


TABLE  III 

Deviations  of  Model  Configurations 


Test 

Description  of  Deviations 

• 

< 

Horizontal  tail  and  leading  edge 
of  vertical  tail  displaced  down* 
streaa  over  0.098  0.  Vertical 
tail  root  chord  is  1.402  0 
instead  of  1.5  0 
(according  to  References  1,  2 
and  3) 

0.098 

1.W2  P  ^ 

B1 

Model  nose  sligiitly  different* 
(according  to  Reference  4) 

Dl.  02 
(probably 

also 

03.  04) 

Horizontal  tail  span  is  1.5  0 
instead  of  1.63  0 
(according  to  Reference  5) 

*  The  difference  Is  quite  snail,  so  that  no  Influence  on  the  neasuronents  Is  to  be  etpected 


TABLE  IV 


Accuracy  and  Repeatability  of  the  Meaaureaeiita.  aa  Stated  in  the  Referencea 


Teat 

li 

a 

Cl 

Cm 

Cpf 

Cpb 

Remarks 

A1 

1  0.002 

±  0. 10® 

t  0.0140 

t  0.0020 

t  0.0040 

i  0.0005 

0.70  <  li<  1.15 

A1 

t  0.006 

±  0. 10® 

±  0.0100 

t  0.0010 

1  0.0020 

t  0.0002 

1.20  <  M  <  1.50 

A2 

t  0.003 

±  0. 30® 

t  0.0150 

t  0.0050 

t  0.0060 

t  0.0020 

0.70  4  1.15 

A2 

t  0.006 

±  0.30® 

t  0.0100 

t  0.0020 

t  0.0030 

i  0.0010 

1.20<  ll<  1.50 

A3 

t  0.003 

±  0.05® 

t  0.0040 

i  0.0020 

t  0.0030 

t  0.0003 

0.70  <  1.10 

A3 

t  0.006 

1  0.05® 

t  0.0040 

t  0.0020 

t  0.0030 

t  0.0003 

1.20.^  1.60 

B1 

- 

- 

- 

Dl.  D2 

- 

- 

- 

D3.  04 

- 

- 

- 

El 

- 

- 

- 

Jl.  J2 

- 

- 

Kl.  K9 

• 

0.0022 

0.0012 

0.0013 

0.0003 

K2.  K6 

• 

0.0016 

0.0008 

0.0004 

0.0002 

K3.  K7,  KIS 

• 

0.0013 

0.0007 

0.0007 

0.0002 

K4,  K8 

0.0013 

0.0006 

0.0003 

0.0001 

19,  K12 

« 

0.0032 

0.0006 

0.0008 

0.0002 

KIO,  K13 

m 

0.0019 

0.0014 

0.0007 

0.0002 

Kll.  K14 

0.0020 

0.0007 

0.0004 

0.0002 

-  no  data  available 


Notea,  taken  froa  the  referencea: 

1.  The  accuracy  of  the  data  of  teataAl,  A2aadA3  baa  been  detemined  by  conbining 
the  errors  in  the  balance  read-out  ayaten,  baae  pressure  and  strean  paranaters 
by  a  nethod  based  on  a  9W  level  and  a  nomal  error  distribution. 

2.  Por  K1-K19  the  testinc  procedure  resulted  in  the  repetition  of  sone  nodel 
attitudes  at  each  Mach  nwd)er.  The  coefficient  repeatability  is  defined  as 
the  average  of  the  absolute  values  of  the  differences  between  two  corres¬ 
ponding  data  points. 


Pig.l  AQARD  Cftlibntioo  Model  C 


Wing  and  tail  profile:  eyaaetrical  circular  arc  section  thickness  ratio  =  0. 

X  f 

Nose  profile:  length  Equation  of  curve  r  =  -  1 
Radius  of  nose  and  wing  leading  edges  should  be  D/500. 


Pig.  2  Reynolds  nuri>er  (based  on  wsn  serodynaaic  chord)  versus  Msch  ninber 
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Fig. 3  Base  drag  coefficient  versus  Mach  number 


170 


0 


172 


Pig. 5* 


Moaent  coefficient  versus  Msch  nuaber. 


Tests  A1--J2 


(C|^  =  0.4)  (continued) 
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Pig. 5b 


Mooent  coefficient  versus  Mach  number, 


Tests  K1-K15 
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Fig. 7a  Lift  coefficient  versus  Mach  number.  Tests  A1*J2 


Fig. 7b  Lift  coefficient  versus  Mach  nuaA>er.  Tests  K1-K15 
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Fig.  8a  Lift  curve  slope  at  (^  =  0  versus  Mach  nunber.  Tests  A1-J2 
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ISO 


Fig. 9  Base  drag  coefficient  versus  Mach  number  at  different  Reynolds  numbers 
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Fig. 11  Base  drag  coefficient  versus  Mach  nusber  for  different  aodel  sizes 


Pig.  12  Base  drag  results  of  'interference  free’  nodels 
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ric.lte  akin  friction  drac  at  H  =  0.8  as  a  ftmetion  of  Raynolds  nuaber, 

oo  c._  .  Testa  A1-J2 


I 
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Pig. 15  Transonic  drag  rise  versus  Mach  number 


Fig. 16  Presentation  of  transonic  drag  rise  data  (continued) 
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PiK. 19a 


Monent  coefficient  versus  Mach  nuaber  at  different  Reynolds  numbers 

(transition  natural) 
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Pig,  19b  Moment  coefficient  versus  Mach  number  at  different  Reynolds  numbers 

(transition  fixed) 
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00i>m 


Fig. 20a  Presentation  of  nonent  data 


Fig. 20b  Presentation  of  monent  data  (continued) 
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Pig. 20c  Presentation  of  nonent  data  (continued) 
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Fig. 20d  Presentation  of  oonent  data  (continued) 
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Pig. 20e 


Presentation  of  moment  data  (continued) 
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M 

Fig. 20f  Presentation  of  moment  data  (continued) 
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Fig. 22  Comparison  of  neutral  point  data  of  tests  Bl,  D2,  D4  and  J1  and  reference 

curve  for  K1*K15 
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Fig. 24  Presentation  of  lift  data 
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Pic.  24 


Presentation  of  lift  data  (continued) 
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Fig  24 


Presentation  of  lift  data  (continued) 
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Fig. 24  Presentation  of  lift  data  (continued) 
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Fig.24  Presentation  of  lift  data  (continued) 


Pig, 25  Presentation  of  lift -curve  slope  data 
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M 

Fig. 25  Presentation  of  lift-curve  slope  data  (continued) 
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Fig. 29  Presentation  of  lift 'Curve  slope  data  (continued) 


TESTS  ON  A6ARD  MODEL  D 


bar 

R.  Hills 


Aircraft  Research  Association,  Bedford,  England 


SUaiABY 


MeMuraaeats  of  daaping  derivatives  asde  In  four  different  lo«  speed 
tunnels  on  sn  unsvept  tu»ered  vlnt  sre  oospsred.  All  the  tunnels  used 
s  forced  osoillstion  technique,  but  hsd  different  nethods  of  tsking  the 
■essureaents.  Ihe  results  show  ressonsble  sgreeaent,  though  there  is 
s  oonsidersble  scatter  in  say  one  set  of  aeaaureaents. 
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NOTATION 


b  overall  span 

e  centre  line  chord 

t  frequency  of  oscillation  (c/s) 

a>b  coc 

k  radius  frequency  paraaeter,  =  —  or  — 7 

2  V  2  V 

L  lift 

I  rolling  Maent 

a  pitching  aoaent 

n  yawing  aoaent 

p  angular  velocity  in  roll 

q  angular  velocity  in  pitch 

r  angular  velocity  in  yaw 

8  wing  area 

V  free-streaa  velocity 

a  angle  of  incidence 

/0  angle  of  sideslip 

p  asss  density  of  air 

CO  circular  frequency  of  osclllatlca,  =  27rf  (rad/sec) 


CotfficitnXt 


L 

"  JipV*8 


=  25. 


l 

■  H/oV*b 


Cjq 


2V 
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J4/oV»c 


)4pV*b 


4V* 


4V* 
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TESTS  ON  AGARD  MODEL  D 


1.  INTRODUCTION 

AGARD  Model  D  is  a  wing  with  a  rectangular  centre  section  and  tapered  tips.  It 
was  designed  for  checking  neasurements  of  damping  derivatives  In  low«speed  wind 
tunnels.  The  wing  Is  supported  by  a  sting  (Fig. 1)  and  a  body  shape  Is  given,  suitable 
for  enclosing  any  measuring  mechanism  or  supports  at  the  rear  of  the  sting.  Tests 
were  suggested  with  the  model  symmetrically  mounted  on  the  sting  and  alternatively 
with  the  sting  attachment  along  axis  XX'  (Pig.  1). 

Tests  have  been  made  on  this  model  In  four  different  low  speed  tunnels  and  the 
results  are  compared  here.  There  are  differences  In  the  nm-dlmenslonal  coefficients 
used  to  quote  the  results,  and  here  the  NACA  system  has  been  used  (see  Notation). 

A  summary  of  the  tunnel  conditions  in  the  various  tunnels  Is  included  in  Section  2. 

All  the  measurements  were  made  at  zero  wing  Incidence. 


2.  DETAILS  OF  TESTS 

2. 1  ONERA  Tests 

These  tests^  were  made  in  the  Alger  tunnel  of  O.N.E. R.A.  Measurements  were  made 
on  a  stability  balance  of  norauil  force,  pitching,  rolling  and  yawing  moments.  The 
model  was  oscillated  about  the  roll  axis  (hori2x>ntal  along  the  sting)  and  about  a 
vertical  axis  OZ  (Pig.  1).  With  the  wing  span  vertical,  the  oscillation  about  axis  OZ 
gave  the  derivatives  due  to  pitch,  and  with  the  wing  span  horizontal  the  derivatives 
due  to  yaw.  Some  tests  were  Included  with  the  wing  span  vertical  and  the  sting  in 
the  unsymmetrlcal  position  fixed  along  axis  XX'  (Pig. 1).  For  most  of  the  tests  the 
forces  on  the  body  were  included  in  the  measurements  but  a  few  results  are  given 
where  the  body  was  present  but  the  forces  on  it  not  included  in  the  measured  values. 

2. 2  NLL  Tests 

The  NLL  tests^  were  made  on  the  same  model  as  used  in  the  ONGRA  tests  but  no  body 
was  present,  the  sting  being  bent  round  at  right-angles  at  the  point  0  in  Figure  1 
and  taken  through  a  fixed  fairing  to  the  oscillating  mechanism  under  the  floor  of  the 
tunnel.  In  these  tests  the  model  oscillations  were  forced  through  a  wring.  The 
motion  of  the  model  and  the  driving  notion  were  both  recorded  by  converting  them  to 
voltages  by  mesns  of  potentiometers.  The  amplitudes  of  the  driving  and  model  motions 
were  measured  when  there  was  a  90°  phase  difference  between  the  two  notions. 

Measurements  were  made  of  pitdiing  moments  due  to  a  pitching  oscillation  with  the 
model  symmetrically  fixed  on  the  sting.  (X>rrectlons  were  made  to  the  results  for 
sting  bending. 

2. 3  NACA  Tests 

These  tests’  were  made  in  the  Langley  Field  stability  tunnel.  The  model  was 
supported  by  the  sting  connected  to  a  strain-gauge  balance  in  the  body.  The  model 
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was  oscillated  In  roll  and  pitch  and  was  only  tested  in  the  synmetrically  supported 
condition.  The  measurenents  were  taken  hy  feeding  the  strain  gauges  with  a  voltage 
obtained  from  a  sine>eosine  resolver  driven  by  the  oscillating  aeehsnisn.  This  gave 
strain  gauge  output  signals  pr(9ortional  to  the  forces  in  phase  and  out  of  phase 
with  the  model. 

The  results  given  in  Reference  3  have  not  been  corrected  for  deflections  of  the 
model  under  load.  Estimates  have  now  been  made  of  these  effects  by  N.A.C.A.  and  the 
results  quoted  here  have  been  corrected  for  these  estimated  deflections. 

2. 4  INFM  Tests 

These  tests"  were  made  in  an  open  Jet  tunnel.  The  model  was  oscillated  in  pitch 
and  some  tests  were  Included  with  the  wing  unsymmetrically  mounted  on  the  sting. 
Measurements  were  also  made  with  the  model  rolled  at  a  continuous  rate.  The  model 
was  supported  hy  the  strain-gauge  balance  mounted  in  the  body  and  the  measurements 
were  obtained  from  strain  gauges  in  a  similar  manner  to  the  NACA  tests.  The  method 
used  is  described  in  detail  in  Reference  5. 


3.  DETAILS  OF  MODELS  AND  TUNNELS 

Details  of  the  models  and  of  the  tunnels  in  which  they  were  tested  are  contained 
in  Table  I.  which  follows. 


TABLE  I 

AGARD  Model  D 


Tunnel 

Model 

c(ft) 

V 

(ft/sec) 

R  X  10‘ 

Axis 

f 

(c/s) 

Asp. 

Ref. 

m 

65  -  130 

1.3 

- 

1 

N.L.L. 

100  -  180 

B 

nmi 

- 

2 

6'  X  9' 

m 

mm 

B 

mi 

N.A.C.A. 

B 

1  -  1.5 

t4° 

3 

6'  X  6' 

HI 

■■ 

mm 

B 

1  -  3 

14® 

42  -  130 

B 

MSM 

±2.7® 

4 

■■ 

m 

mm 

B 

ma 

*  Continuous  at  10.25  radians  per  second 
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4.  RESULTS  AND  DISCUSSIONS 


In  the  pitching  mooent  tests  the  combined  derivatives  idilch  were  measured  are 
-t-  ,  the  damping  term,  and  ,  the  stiffness  term.  Figure  2  shows 

the  comparison  of  the  various  tests  and  the  theoretical  estimates.  Though  there  is  a 
large  scatter  in  the  results,  the  NACA  measurements  of  the  damping  derivative  appear 
to  be  high.  This  error  could  be  associated  with  inaccuracies  in  the  large  correction 
for  deflection.  The  measurements  at  I.M.F.M.  of  the  stiffness  tern  also  appear  to  be 
rather  higher  than  the  mean  of  the  other  experimental  results. 


Figure  3  shows  the  measurements  made  by  O.N.E.R.A.  irtiere  forces  on  the  body  were 
investigated.  In  both  sets  of  tests  the  body  was  present,  but  in  one  of  these  the 
forces  on  it  were  not  included  in  the  measurements.  The  results  shown  in  Figure  3 
show  that  excluding  the  body  forces  gave  a  small  but  significant  increase  in  C^*  and 
in  ‘C„*  .  If  this  was  allowed  for  in  the  NIL  test,  which  was  the  only  other  one  of 
the  tests  without  body,  there  would  be  a  slight  improvement  In  the  agreement  of  the 
measurements  but  not  of  the  measurements  shown  in  Figure  2. 


In  Figure  4  the  tests  made  with  the  unsymmetrlcal  sting  mounting  show  values  of 
the  rolling  moment  due  to  pitchingt.  This  derivative  is  due  to  the  unsyimetrical 
support  and.  as  the  rolling  moment  axis  is  in  this  case  c/2  away  from  the  plane  of 
symmetry. 


C 


la 


2  b 


1 

i 


*aa 


and  C 


iQ 


= 


2  b 


i^U 


Compcrison  with  the  OffiRA  measurements  on  and  C,„  in  Figure  3  show  good  agree¬ 


ment  with  these  formulae. 


'Iq 


The  yawing  and  rolling  moment  due  to  roll  are  shown  in  Figure  5.  The  tests  at 
I.M.F.  M.  show  appreciably  larger  values  for  -‘^IP  and  C^p  than  those  at  O.N.B.R.  A. 
at  small  values  of  the  frequency. 

There  seems  to  be  no  particular  reason  for  this  difference.  For  the  unsyametrically 
mounted  model  the  im  tests  show  a  steady  reduction  in  C  and  -C^p  with  increase 
of  the  frequency  parameters.  This  nay  be  because  these  tests  were  made  with  a  steady 
rate  of  roll.  As  discussed  in  Reference  4,  this  can  give  rise  to  large  values  of 
the  helix  angle,  particularly  near  the  tip  of  the  model,  whidi  would  not  be  present 
in  an  oscillating  test  at  the  same  frequency  parameter. 


•  Strictly  these  should  be  end  -<C^  ♦  C^):  similarly  C,^  should  be 

-k*  Cla  »  (Cja  *  k*  Cj^).  C,,  *  (C,,  ♦  Cja). 


t  In  Reference  4  these  resnlts  sre  quoted  Incorrectly  u  values  of  rolling  uoaent  due  to  yas. 
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5.  CONCLUSIONS 

(1)  Meuurenents  of  duping  derivative  on  AQARD  Model  D  made  in  four  different 
low  epeed  tunnels  show  reasonable  agreement ,  though  there  is  a  considerable  scatter 
in  many  of  the  results. 

(ii)  For  an  unsynmetrlcally  mounted  model,  meuurements  made  in  steady  roll  show 
changes  in  Cjp  and  C^p  with  Increase  of  frequency  parameter.  All  other 
derivatives  measured  were  substantially  unaltered  by  ehuge  of  frequency  parueter. 
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AXES  OP  ROTATION: 


ROLLING.  OX 

(note:  on  the  FIGURE.  THE  WING  IS  REPRESENTED 
IN  SYMMETRICAL  MOUNTING. 

FOR  DISSYMMETRICAL  MOUNTING  XX*  MOVES  TO  0)0 
YAWING  AND  PITCHING.  OZ  . 


WING  PROFILE: 
WING  TIPS; 


Fig.  1  Qenanl  conf isuntion  of  AQARD  Model  D 


NACA  64  Al  012  ■ 

GODIES  OF  REVOLUTION  GENERATED  GY  THE 
WING  TIP  PROFILE. 
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Pig.  2  ACMH)  Model  D.  Pitching  nownt  dcrlTativen  due  to  pitch 
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Pi(.3  AGARD  Model  D.  Lift  and  pitdiing  Boaent  derlvates  with  and  without  body 


av 


Pig. 4  ACMRD  Model  0.  Rolling  derivatlTes  due  to  pitch  and  rate  of  pitch 
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O  0-1  OS  03  ^  0-4 


Fig.S  ACMRO  Model  0.  Rolling  and  yawing  aosent  derivatiTos  due  to  rate  of  roll 


TESTS  ON  AQARD  MODEL  E 


fcor 

R.  Hills 
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SUMABY 


Tests  on  heaispheres  In  various  hypersonic  facilities  are  suasariced. 
Pressure  distribution  and  heat  transfer  aeasureaents  are  in  reasonable 
agreeaent  over  the  forebody,  thou^  there  are  soae  diserapaaoiaa  in 
results  over  the  afterbody.  A  fee  aeasureaents  of  shock  wave  detadiaeat 
distance  are  also  oonparad  with  theoretical  curves. 
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NOTATION 


Cp  drag  coefficient.  =  drag/(J4/0V*  x  frontal  area) 

D  body  diaaeter 

diffusion  coefficient 
k  themal  conductivity 

K  density  ratio  across  a  nonaal  shook  save 

L  Lewis  nuaber,  =  D^/oCpA 

M  Mach  nuaber 

p  static  pressure 

q  heat  transfer  rate 

R  heaisphere  radius 

s  distance  along  surface  froa  stagnation  point 

Tg  stagnation  teapsrature 

8  axial  distance  froa  upstrsaa  side  of  shook  to  nodal  stagnation  point 

y  ratio  of  specific  heats 


Suffixti 
1  denotes 

e  denotes 
s  denotes 

•  denotes 


initial  channel  pressure  in  shock  tube 
local  flow  conditions 
body  stagnation  point 
frse-strsaa  conditions  ahead  of  bow  shock 
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TESTS  ON  AOARD  MODEL  E 


1.  INTRODUCTION 

A  hemisphere  was  selected  as  a  suitable  model  for  testing  In  various  hypersonic 
facilities  and  It  was  suggested  that  measurements  of  pressure  distribution,  stagnation 
temperature,  heat  transfer  and  norml  aerodsmamlc  coefficients  should  be  compared. 
Tests  have  been  made  on  a  hemispherical  cylinder  In  Hotshot  \  In  several  shock 
tubes^*'''^  In  a  light  gas  gun’,  and  In  a  shock  tube  tunnel  using  a  reflected  shock 
technique’.  The  flow  over  a  hemisphere  has  been  discussed  In  considerable  detail  In 
References  1  and  2  and  this  note  merely  summarizes  some  of  the  discussion  In  those 
two  papers  and  adds  a  few  further  results. 


2.  DRAG  MEASUREMENTS 

Balance  measurements  of  the  drag  of  a  hemisphere  were  made  in  Hotshot^  using  a 
straln>gauge  balance.  The  model  consisted  of  a  hemisphere  of  2  In.  in  diameter  with 
a  2°  flare  1  in.  long  at  the  rear.  The  model  was  made  of  fibre  glass  and  liiht 
enouA  to  give  a  frequency  response  of  approximately  1  kc/s.  The  balance  was 
viscously  damped  to  401  of  critical  damping. 

The  drag  balance  results  (Pig. 1)  have  not  been  corrected  for  base  pressure -drag, 
as  this  is  estimated  to  contribute  less  than  1%  to  the  overall  drag.  Comparison  of 
the  Integrated  pressure  distribution  with  the  measured  drag  shows  a  difference  of  about 
lOR  which  can  be  attributed  Mlnly  to  skin  friction.  The  simple  Newtonian  theory 
Cp  =  gives  an  accurate  estimate  of  the  pressure  drag  at  high  Mach  numbers. 

The  Hodges  experimental  results’^  are  from  ballistic  range  tests  and  show  good  agree* 
ment  with  the  calculations  due  to  Llu^S  who  has  worked  out  the  forebody  drag  as  that 
due  to  the  local  pressure  behind  a  closely  wrapped  bow  shock. 


3.  PRESSURE  DISTRIBUTION 

Pigure  2  shows  a  collection  of  a  number  of  measurements  of  the  pressure  distri¬ 
bution  on  a  hemisphere  from  different  hypersonic  facilities,  including  conventional 
tunnels,  shock  tubes.  Hotshot  snd  a  light  gas  gun  tunnel.  The  Newton,  Prandtl-Meyer 
theory  matches  the  forebody  pressure  distribution  accurately  and  there  is  reasonable 
agreement  between  all  the  different  measured  results  at  high  Mach  number  on  the 
forebody.  The  afterbody  pressures  are,  however,  appreciably  affected  by  Mach  number 
snd  further  experimental  results  are  required  in  this  region. 


4.  MEAT  TRANSFER 

Heat  transfer  results  from  a  number  of  measurements  in  shock  tubes  have  been  com¬ 
pared  in  Reference  2  and  Pigure  3  reproduces  the  analysis.  In  all  these  tests  thin 
film  platinum  resistance  thermometers  have  been  used  for  the  measurements,  except  in 
some  of  the  tests  in  Reference  6  when  a  thin  film  surface  thermocouple  was  used.  The 
film  thickness  used  in  the  NACA  tests  was  4  x  10~*  in. :  in  other  esses  it  was  not 
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recorded.  The  results  are  coapared  with  the  theoretical  curves  of  Pay  and  Riddell^^ 
using  a  Lewis  number  of  1.4  and  a  Prandtl  number  of  0.71.  An  average  for  the  results 
for  the  thin  film  gauges  is  about  20t  below  the  theoretical  curves.  One  set  of  tests* 
made  at  AVOO  with  a  thick  film.  1  x  10*’  in.  thick,  of  the  calorimeter  type  of  gauge, 
showed  results  very  close  to  the  theoretical  curves.  There  is  therefore  an  apparent 
difference  in  the  results  due  to  the  method  of  measurements  which  has  not  yet  been 
explained. 

Figure  4  shows  some  measurements  made  in  Hotshot^.  These  were  made  with  a 
Morgandyne  gauge,  which  consists  of  a  copper  ring  0.01  in.  thick  with  an  outside 
diameter  of  3.16  in.,  inductively  coupled  to  an  inner  coil  and  excited  at  20  kc/s. 

As  the  copper  changes  its  resistance  with  the  addition  of  heat. a  signal  is  produced 
proportional  to  the  total  heat  added  to  the  copper.  The  results  in  Figure  4  are  too 
scattered  for  any  precise  evaluation,  but  again  show  a  tendency  to  fall  I 'low  the 
values  given  by  the  Fay-Riddell  equation. 

The  measured  distribution  of  heat  transfer  over  the  hemisphere  is  compared  with 
the  curves  for  Lees  theory^’  in  Figure  5.  This  theoretical  curve  has  been  obtained 
by  using  the  experimental  pressure  distribution  shown  for  Hotshot  in  Figure  2.  The 
results  are  fairly  scattered  but  are  in  reasonable  agreement  with  the  theoretical 
values  for  7  =  1.4  .  The  few  results  from  the  light  gas  gun  tunnel  are  appreciably 
higher  than  the  other  measurements. 


S.  SHOCK  HAVE  DETACHHENT  DISTANCE 

The  shock  wave  detachment  distance  ahead  of  a  hemisphere  has  been  measured  from 
schlieren  photogrmihs  both  in  Hotshot’  and  in  a  reflected  shock  tunnel’.  Figure  6 
from  Reference  1  shows  the  results  from  Hotshot  plotted  against  Mach  number,  as  com¬ 
pared  with  various  measurements  at  lower  Mach  numbers  and  with  calculations. 

Figure  7  shows  some  corresponding  results  obtained  in  the  reflected  shock  tunnel. 
Some  of  these  results  at  the  hi^er  stagnation  temperature  were  in  fact  obtained  from 
direct  luminosity  photographs  idiere  sdilieren  was  not  possible.  These  results  are 
coapared  with  the  simplified  Serbln  formula  for  the  shock  detadunnt  distance’* 

8  _  0.67 

i  ”  K  -  1 

where  K  is  the  density  ratio  across  a  normal  shock  at  the  free  stream  Mach  number. 
Estimates  of  K  have  been  made  in  Reference  5  at  the  nominal  M  =  10  nosmle  (a 
noszle  area  ratio  of  576)  for  flow  in  thermal  equilibrium  through  the  nossle  and  for 
completely  fronen  nossle  flow,  iith  frosen  flow  there  is  only  a  small  change  in  K 
with  increase  of  stagnation  temperature  but.  with  equilibrium  flow.  K  increases 
fairly  nyildly  with  increase  in  temperature.  Figure  7  shows  the  corresponding 
estimate  of  shock  wave  detachment  distance  for  the  two  cases  and  ahom  that  most  of 
the  experimental  results  lie  between  the  two  curves. 
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6.  CONCLUSIONS 

(1)  lleuurMentB  of  pressure  distribution  on  a  heaisphere  aade  in  different 
tsrpes  of  hypersonic  facilities  shoved  reasonable  agreenent  over  the  forebody  but 
soae  differences  over  the  afterbody. 

(il)  Heat  transfers  aeasured  with  thin  fila  gauges  also  showed  reasonable  agree- 
■ent.  but  there  is  a  discrepancy  between  these  results  and  ueasurenents  with  thick 
filn  caloriaeter  type  gauges. 

(ill)  The  few  aeasureaents  of  shock  wave  detaohaent  distance  are  scattered. 
Further  aeasureaents  nay  be  useful  in  deciding  iriiether  the  flow  in  any  facility  is 
in  theraal  equilibrlua  or  froaen. 
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Pig.  3  AOMD  Model  B.  Stagiietloii  point  bent  transfer  rates  on  a  healmhere 

(Pig.  4  of  Ref.  2) 


Pis.  4  ACUAD  Nodel  I.  Stagnation  point  heat  tranafer  for  a  heaisphere-cylinder  in 

_ _ Hotehot  1 

(Pig. 23  of  Itef.l) 
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Pig.S  ACMRO  Modtl  E.  He»t  transfar  over  a  healsphera  cylindar 


AQARD  Model  B.  Coaparleon  of  shock  detachaent  distance  with  theory  and 


ACMRO  Model  E.  Variation  of  shock  detachaent  distance  with  stagnation 

teaperature 
(Pig.  13  of  Ref.  5) 
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